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FOREWORD 


The  1975  Charge-Coupled  Device  (CCD)  Applications  Conference  marks  the  third  such  event  entirely  de- 
voted to  presentation  of  ideas,  problems  and  solutions  in  this  new  phase  of  the  semiconductor  technology. 


Pursuing  the  guidelines  established  at  the  first  Conference  which  was  held  in  1973  at  the  Naval  Electronics 
Laboratory  Center,  San  Diego,  California,  this  Conference  aims  to  reflect  the  impact  of  device  concept  in  de- 
sign for  improved  performance  and  lower  cost  of  present  and  future  systems.  Technology  has  been  ex- 
tended to  a high  level  of  sophistication  in  the  move  from  the  laboratory  demonstration  to  varied  applica- 
tions, such  as  development  of  focal  plane  infrared  (IR)  arrays,  analog  and  digital  signal  processors,  imagers 
and  memory  components. 


This  year  the  technical  presentations  reflect  the  fact  that  there  is  more  to  CCD  than  the  television  camera. 
There  are  five  main  sessions  including  a double  session  on  signal  processors.  The  assortment  of  areas  illus- 
trates the  wide  technical  scope  of  CCD  development  at  this  period  of  time.  Each  session  is  structured  around 
one  or  two  invited  papers  which  are  followed  by  the  contribution  papers.  The  invited  papers  describe  the  de- 
vice technological  approach  and  its  characteristics  and  in  general  the  contributed  papers  state  current  sys- 
tem limitations  and  demonstrate  how  the  inclusion  of  a CCD  device  results  in  an  enhanced  overall  perfor- 
mance. The  Characterization*  session  has  been  included  to  cover  specific  topics  common  to  various  ap- 
plication areas  such  as  radiation  effects  or  techniques  for  signal  linearization. 


Special  appreciation  is  expressed  to  members  of  the  Program  Committee  for  their  contributions  to  produce 
this  program. 
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InSb  MIS  TECHNOLOGY  AND  CID  DEVICES  * 


J.C.  Kim 


General  Electric  Company,  Syracuse,  New  York 


Abstract:  A metal-insulator -InSb  (MIS)  technology  has  been  successfully  developed;  and 
mts  structures  with  excellent  interface  properties  can  be  fabricated.  The  C-V  characteri- 
stics of  these  structures  show  a completely  inverted  low-frequency  type  C-V  response  at 
about  10  Hz,  an  indication  of  low  thermal  generation.  An  analysis  of  the  conductance 
measurements  in  the  strong  inversion  region  indicates  that  bulk  generation  dominates 
minority  carrier  thermal  generation,  leading  to  good  MIS  structures. 

Conductance  techniques  were  utilized  to  study  the  interface  properties  of  these 
MIS  structures  leading  to  a detailed  description  of  the  surface  state  properties . The  inter- 
face state  density  of  our  recent  MIS  structures  is  in  the  range  of  10“  cm-2  eV  . It 
appears  that  the  surface  states  are  continuously  distributed  over  the  entire  InSb  bandgap. 
The  experimental  results  strongly  indicate  that  the  InSb  MIS  interface  characteristics  are 
adquately  described  by  the  Shockley -Read -Hall  treatment  model. 

These  InSb  MIS  structures  have  been  used  as  IR  sensors  operating  in  the 
charge  injection  mode.  Their  sensitivities  approach  background -limited  performance 
(BLIP) . InSb  CID  arrays  have  been  fabricated  and  the  results  of  these  array  measurements 
will  be  discussed. 


I.  INTRODUCTION 

In  recent  years  solid-state  imaging  The  success  of  silicon  charge -coupled 

devices  operating  on  the  basis  of  a surface  devices  is  undoubltedly  due  to  the  advanced 
charge -coupling  principle  in  the  silicon  development  of  the  silicon  MOS  technology, 

MOS  structure  have  received  considerable  but  a suitable  dielectric  technology  for 
attention,  and  considerable  progress  has  other  semiconductors  has  not  yet  been 

been  made  in  both  line  and  large -area  fully  developed.  Most  device  development 

imaging  devices,  with  the  silicon  MOS  work  on  m-V  compound  semiconductor 

technology.  These  devices  are  used  in  the  has  been  concerned  with  p-n  junction 

visible  region  of  the  spectrum . For  IR  fabrication  and  as  a result,  excellent  InSb 

applications  a similar  approach  has  been  infrared  photovoltaic  detectors  have  been 

applied  to  narrow -bandgap  semiconductors,  developed.  For  surface  passivation  of 
namely  Iitffb.  InSb  p-n  junction  detectors,  an  anodic 


♦The  early  work  of  this  program  was  supported  by  the  Air  Force  Avionic  Laboratory 
and  Army  Night  Vision  Laboratory.  More  recent  work  is  being  supported  by  the  Naval 
Research  Laboratory  and  Defense  Advanced  Research  Projects  Agency. 


oxide  of  InSb  has  been  commonly  used. 


A detailed  study  of  anodic  oxide  InSb 
MOS  structures  (1)  conducted  in  our  labo- 
ratory indicates  that  majority  carrier 
trapping  in  the  oxide  causes  the  surface 
state  charges . For  n-type  InSb  substrates 
the  majority  carrier  electrons  play  the 
major  role  in  charge  trappin  in  the  oxide, 
resulting  in  a negative  surface  state  charge . 
On  the  other  hand,  for  p-type  materials, 
hole  trapping  is  the  dominant  mechanism 
and  results  in  positive  surface  charges. 

Both  the  indium  and  antimony  atoms  in  ano- 
dized InSb  oxide,  therefore,  may  be  respon- 
sible for  charge  trapping  both  types  of 
carriers.  This  variable  charge -trapping 
mechanism  leads  to  an  instability  of  the 
MOS  structure  and  it  is,  thus,  difficult  to 
use  the  anodic  oxide  in  MOS  devices  for 
stable  surface  charge -coupling  operations. 


It  was,  therefore,  necessary  that  a 
new  dielectric  material  and  a suitable  depo- 
sition technology  be  found,  if  successful 
InSb  MIS  surface  charge-coupled  devices 
were  to  be  developed.  As  a result  of  our 
recent  R&D  efforts  in  this  regard,  we  have 
found  that  a dielectric  layer  of  silicon 
oxynitride  (SiON)  deposited  pyrolytically  on 
an  InSb  substrate,  yields  MIS  interface  pro- 
perties (2)  that  allow  us  to  operate  the  MIS 
structures  as  charge  injection  devices  (CID) 
in  the  charge  storage  mode . This  paper 
describes  the  interface  properties  of  SiON- 
InSb  MIS  structure  and  the  experimental 
results  obtained  using  these  structures  in 
the  charge  injection  mode . 


InSb  MIS  STRUCTURES 


The  single  crystals  of  InSb  used  in  this 
work  were  grown  by  the  Czochralski  method 
with  a (111)  orientation.  For  n-type 
materials  tellurium  was  used  as  the  dopant 
with  a carrier  concentration  ranging  from 
10l3/cm3  to  10*® /cm3;  for  p-type  materials 
cadmium  was  the  dopant  at  concentrations 
in  the  range  of  lO^Vcm3.  The  dislocation 
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densities  (EPD/cm^)  of  these  materials 
were  less  than  100/cm3. 


The  large  ingots  of  InSb  were  cut  into 
wafers  about  35  mils  thick  and  2-4  cm  in 
diameter.  After  the  B face  (Sb  side)  of  the 
wafer  was  mechanically  polished  and 
chemically  etched,  SiON  layers  were 
deposited  pyrolytically  on  the  InSb  surface. 
A typical  oxide  thickness  is  in  the  range  of 
1000A  to  200QA . The  SiON  dielectric  layer 
is  extremely  uniform  and  pin-hole  free. 


For  a simple  InSb  MIS  structure,  a 
semi-transparent  NiCr  metal  film  less  than 
100A  thick  and  20  mils  in  diameter  was 
vacuum  deposited  on  the  SiON  layer  of  InSb 
wafer . The  large  wafer  was  diced  into 
small  chips  which  were,  in  turn,  attached 
to  transistor  headers . The  device  header 
was  mounted  in  a cryogenic  dewar  for  eval- 
uation. 


The  MIS  structures  were  measured 
using  a lock-in  amplifier  or  phase -sensitive 
detection  technique.  The  lock-in  amplifier 
(PAR  124)  can  be  used  over  a wide  range  of 
frequencies  and  is  particularly  useful  at 
low  frequencies.  This  admittance  bridge 
permits  us  to  easily  measure  not  only  C-V 
curves  but  also  conductance -voltage  charac- 
teristics of  MIS  structure.  The  conductance 
of  the  device  can  easily  be  measured  by 
chanring  the  phase  angle  of  the  instrument 
by  9Cr.  The  conductance  technique  was 
used  exclusively  to  study  the  interface  pro- 
perties of  the  structures.  All  measurements 
were  made  at  near  77°K,  unless  otherwise 
stated . 


m.  INTERFACE  PROPERTIES  OF  InSb 
MIS  STRUCTURES 


C-V  Characteristics  of  InSb  MIS 
Structure 


The  capacitances  of  the  MB  structures 
were  measured  as  a function  of  the  gate 
bias  voltage  at  various  frequencies,  as 
shown  in  Figure  1 for  an  n-type  substrate. 
These  measurements  were  made  in  the  dark 
condition;  that  is,  the  field  of  view  (FOV) 
was  equal  to  zero.  The  device  could  "see" 


only  its  own  temperature  so  that  no  300  K 
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photon  radiation  could  have  contributed  to 
the  minority  carrier  equilibration  process. 

In  this  way  only  the  thermal  generation  pro- 
cess of  minority  carriers  in  the  device  can 
be  determined . 

The  C-V  curves  closely  follow  the 
simple  ideal  MIS  capacitance  model  (3). 

At  the  positive  gate  bias  the  capacitance  is 
approximately  that  of  the  insulator;  and 
when  the  gate  is  biased  negatively,  the 
capacitance  is  decreased  due  to  the  creation 
of  a depletion  region  on  the  InSb  surface . 
Further  increases  in  the  negative  bias  cause 
a strong  inversion  where  the  depletion  width 
is  fixed,  resulting  in  a minimum  capaci- 
tance, shown  in  the  high  -frequency  measure- 
ment . Note  that  the  dashed  line  is  a com- 
puter-calculated, theoretical  C -V  curve 
that  follows  closely  the  experimental  result, 
indicating  a low  surface  state  density . 


To  operate  this  type  of  device  as  an 
optical  sensor,  e.g.  CID  and  CCD,  the 
strong  inversion  bias  region  is  important, 
since  the  device  operates  normally  here. 

As  the  MIS  capacitor  is  biased  into  the 
heavy  inversion  region,  it  can  be  shown  (4) 
that  the  MIS  structure  results  in  a simple 
equivalent  circuit;  the  insulator  capacitance 
(Co)  is  in  series  with  the  parallel  combina- 
tion of  the  depletion  capacitance  (Cd)  and  a 
resistor  (for  the  sake  of  simplicity,  we  use 
a conductance,  Gg).  This  simple  equivalent 
circuit  can  be  derived  only  if  the  surface 
state  density  is  relatively  small,  so  that  it 
can  be  assumed  that  the  surface  state  capa- 
citance is  much  smaller  than  the  depletion 
capacitance.  For  single-level  types  of 
surface  states,  only  those  states  located 
near  the  intrinsic  Fermi  level  contribute 
significantly  to  the  surface  state  capacitance, 
when  the  Fermi  level  is  near  this  level;  but 
at  the  surface  of  the  strong  inversion  bias 
the  Fermi  level  is  near  the  top  of  the 
valence  band  (for  n-type  devices).  There- 
fore, with  a relatively  low  surface  state 
density,  the  above  assumptions  are  quite 
valid.  Later,  it  will  be  shown  quantitatively 
that  these  assumptions  can  be  applied  to 
our  InSb  MIS  devices. 


It  has  been  shown  that  (5)  the  change 
in  capacitance  in  the  strong  inversion 
region  is  due  to  the  relative  value  of  Gg 
compared  to  wCd-  The  inversion  capacitance 
changes  from  the  minimum  capacitance, 
CoC£)/(C0  + Cd).  to  the  maximum  insulator 
capacitance,  C0,  as  the  measurement  fre- 
quency varies  from  very  high  to  very  low 
values . Between  these  two  limits  the  in- 
version capacitance  is  a function  of  frequen- 
cy and  increases  with  decreasing  frequency, 
as  shown  in  Figure  1 . 

It  has  been  shown  that  the  capacitance 
in  the  strong  inversion  bias  region  depends 
on  the  relative  value  of  the  conductance, 

Gg.  It  will  be  shown  later  that  Gg  can  be 
related  directly  to  the  thermally  generated 
minority  carrier  current.  If  the  relaxation 
rate  of  the  minority  carriers  is  very  small 
in  the  device,  Gg  is,  indeed,  very  small 
and  the  capacitance  results  in  the  high  fre- 
quency case . This  is  the  case  when  the 
minority  carrier  generation  rate  cannot 
keep  up  with  the  small  signal  variation  of 
the  capacitance  measurement,  resulting  in 
a high-frequency  type  C-V  response  (equiva- 
lent to  wCd  »Gg).  If,  however,  the 
minority  carriers  can  follow  the  variation 
in  the  measurement  signal  the  capacitance 
rises,  approaching  the  insulator  capacitance; 
this  is  the  low-frequency  type  of  C-V  curve, 
in  which  case  «Cd«  Gg.  Therefore,  the 
low-frequency  C-V  data  reveal,  qualitatively, 
the  minority  carrier  relaxation  rate.  The 
frequency  at  which  the  minority  carriers 
completely  follow  the  measurement  signal 
variation  is  in  the  range  of  10  Hz,  indicating 
that  the  minority  carrier  relaxation  rate  in 
these  devices  is,  indeed,  small. 

The  interface  state  density  of  these 
MIS  devices  has  been  determined  quanti- 
tatively and  it  will  be  shown  that  the  surface 
state  densities  are  also  small. 

2 . Surface  State  Density  of  InSb 


Typical  conductance  (Gm/w) -voltage 
characteristics  of  an  n-type  InSb  MIS 


structure  at  various  frequencies  are  shown 
in  Figure  2.  The  rise  in  conductance  in 
certain  bias  regions  is  due  to  the  capture 
and  emission  process  of  carriers  by  the 
interface  states.  The  sharp  single  conduc- 
tance peak  is  typical  of  single-level  states. 

If  we,  therefore,  analyze  the  conductance 
values  in  the  peak  region  (6),  we  can  deter- 
mine the  interface  state  parameters.  Since 
the  conductance  is  caused  by  the  steady- 
state  loss  due  to  the  capture  and  emission 
of  carriers  by  interface  states,  this  tech- 
nique is  a more  direct  measure  of  the  inter- 
face properties  than  the  use  of  C - V data . 

The  conductance  technique  used  here 
has  been  described  in  some  detail  in 
reference  2;  it  provides  quite  accurate 
determinations  of  surface  state  densities . 

At  each  bias  point  in  the  peak  conductance 
region,  equivalent  parallel  conductance 
values  were  computed  from  the  measured 
conductance  data  as  a function  of  frequency . 
From  these  conductance  curves,  then,  the 
surface  state  densities  were  obtained  for 
different  bias  points.  The  results  are  shown 
in  Figure  3;  the  values  of  surface  state  den- 
sity were  plotted  as  a function  of  surface 
potential.  The  circle-dot  points  represent 
the  values  determined  by  the  continuum 
model,  whereas  the  triangle  points  were 
obtained  from  the  single  time  constant  model. 
It  is  interesting  to  point  out  that,  in  the 
depletion  region,  the  experimental  points 
follow  the  continuum  model,  whereas,  in  the 
weak  inversion  region,  the  measured  data 
fit  the  single  time  constant  model. 

As  shown  in  Figure  3,  the  surface 
state  density  varies  from  mid-1010  cm  "2 
eV"i  to  about  mid-10ll  cm~2  eV_l.  It  is 
also  interesting  to  note  that  the  interface 
state  density  tends  to  become  a minimum 
near  the  flatband,  which  is  somewhat  dif  - 
ferent  from  the  silicon  case . (6)  This 
result  is  also  evident  from  the  C -V  curves 
shown  in  Figure  1,  where  the  surface  state 
density  in  the  flatband  region  appears  to  be 
lowest . 

The  corresponding  surface  state  time 
constant  values  were  also  determined  from 


the  equivalent  parallel  conductance  data  and 
measured  as  a function  of  the  surface  poten- 
tial, as  shown  in  Figure  4.  Here,  again, 
the  separate  data  points  represent  the  two 
models,  as  indicated.  In  both  cases  the 
time  constant  varies  exponentially  with  the 
surface  potential,  but  with  different  slopes; 
for  the  continuum  model  the  slope  is  /3  /2, 
and  for  the  single  time  constant  case,  it  is 
|3/4,  where  (3  is  q/kT;  q is  the  electronic 
charge,  k is  Boltzman's  constant,  and  T is 
the  absolute  temperature.  The  extrapola- 
tion of  the  two  lines,  however,  meets  at 
about  the  same  point  in  the  flatband  voltage . 

If  the  capture  cross-section  is  inde- 
pendent of  energy  then  the  slope  should  be 
equal  to  (3 . A slope  smaller  than  /3  may  be 
due  to  the  fact  that  the  capture  cross-section 
is  energy  dependent . For  the  single  time 
constant  data,  an  even  slower  increase  in 
the  time  constant  may  be  due  to  an  additional 
contribution  of  minority  carrier  generation. 

3.  Thermal  Generation  Mechanism 

As  shown  in  Figure  2,  in  the  strong 
inversion  bias  region  the  measured  conduc- 
tance becomes  constant  and  independent  of 
bias,  but  is  a function  of  the  measurement 
frequency,  as  in  the  case  of  the  C-V  data. 

It  has  been  shown  that  the  capacitance  vari- 
ation with  frequency  in  the  strong  inversion 
bias  region  depends  on  the  relative  value  of 
Gg  with  respect  to  wCjj.  Similarly,  the 
bias -independent  conductance  values  can  be 
used  to  determine  the  thermal  generation 
mechanism  of  these  devices . 

When  an  MIS  structure  with  a relatively 
low  interface  state  density  is  biased  into  a 
strong  inversion  region,  a simple  equiva- 
lent circuit  (4)  of  the  capacitor  can  be 
derived;  the  insulator  capacitance  (C0)  is  in 
series  with  the  parallel  combination  of  the 
depletion  capacitance  (C^)  and  a conductance, 
Gg.  For  the  admittance  measurements,  the 
MlS  structure  is  applied  with  a dc  bias,  Vg, 
and  a small  ac  signal,  AV(t).  The  total 
charge  density,  Q,  is  given  by 

Q = Qp  + Qsc  (1) 


where  Qp  is  the  minority  carrier  charge 
density  m the  inversion  layer  and  Qsc  is  the 
semiconductor  space -charge  density.  Qsc 
is  then 


Qsc  " <NDX 


where  ND  is  the  concentration  of  the  donor 
impurities  and  x is  the  surface  depletion 
depth.  The  surface  potential,  <f>a,  derived 
from  the  depletion  approximation,  is 


where  e is  the  permittivity  of  InSb . 

The  time  variation  of  the  above  quan- 
tities can  be  defined  as  Q(t)  = Q0  + AQ, 

Qp(t)  = Qpo  + AQp,  Qsc(i)  = Qsco  + AQgc, 
x(t)  = Xq  + Ax,  and  0s(t)  = </>go  + A^s,  where 
Qo>  Qpo.  Qsco.  *o.  and  4>so  are  all 
established  by  the  bias,  and  AQ,  AQp, 

AQsc,  Ax,  and  are  caused  by  the  ac 
signal  and  thus  are  a function  of  time.  Thus, 
the  time  dependent  quantities  are, 


AQ  = AQp  + AQsc 

(4) 

AQSC  = 

(5) 

^s=  e 

(6) 

since  Xq  » Ax.  The  total  ac  current  den- 
sity, J,  can  be  obtained  by  differentiating 
AQ  with  respect  to  time: 

J = T = Jp  + Jsc  ’ (7) 

where  Jp  = dAQp/dt,  the  ac  current  density 
charging  the  inversion  layer  and  Jsc  = 
dAQsc/dt,  the  ac  current  density  charging 
the  depletion  layer.  Jsc  can  be  related  to 
the  surface  potential  by 


qNDdAx 


For  a sinusoidal  ac  signal,  64>a  = A exp 
(jut)  and,  thus, 


Jsc  = Jw  x"  **s 
o 


The  current  density,  Jp,  that  charges 
the  inversion  layer,  should  lie  equal  to  the 
ac  current  density  of  minority  carrier 
generation.  In  general,  the  minority 
carrier  generation  can  be  divided  into  three 
separate  generation  currents,  the  surface 
generation  current,  the  diffusion  current 
outside  the  space-charge  region  and  the 
generation  current  in  the  space -charge 
region.  For  an  InSb  MIS  device  operating 
at  77°K,  the  space -charge  generation  cur- 
rent dominates,  as  verified  later . Assuming 
that  the  generation  rate  in  the  depletion 
layer,  g,  is  constant  over  the  space -charge 
region,  the  ac  generation  current  density 
is  equal  to  qgAx  (7)  and,  thus, 

JP  = = i Ijr  > <10) 

from  equation  (6).  It  is  interesting  to  note 
that  the  ac  generation  current  density 
depends  on  Xq,  which  is  established  by  the 
dc  bias  surface  potential,  <pSQ. 

The  total  ac  current  density  given  in 
equation  (7)  is  simply 


j-  eg 
' Vo 


N>s  + iu—  A 4a 


thus,  the  total  ac  current  (I  = JxAj)  in  the 
structure  of  area  = A^  is 

1 = Yi„^.  ■ <12> 

where  Yin  is  the  admittance  of  the  heavily 
inverted  MIS  (on  the  semiconductor  side). 
Therefore,  the  equivalent  circuit  of  the 
structure  includes  a conductance,  Gg,  and 
capacitance,  Cd>  in  parallel.  The  Gg  and 
Cq  are  then: 

V« (IS| 

CD  ' 4 Ad  . («> 
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Note  that  the  conductance,  Gg,  is 
directly  proportional  to  the  generation  rate, 
g,  which,  in  the  space -charge  region  where 
both  types  of  carrier  densities  are  small 
compared  to  ni,  is  directly  proportional  to 
the  intrinsic  carrier  density,  ni,  ( ') 


where  r is  the  carrier  lifetime,  it  is 
assumed  that  the  generation  centers  are 
located  near  the  intrinsic  Fermi  level; 
therefore,  Gg  should  be  proportional  to  nj 
in  view  of  Equations  (13)  and  (15),  so, 

G?on(.  (M) 

There  is  experimental  evidence  for  this 
relation. 

For  the  measurement  of  Gg  the  con- 
ductjice  values  can  be  obtained  by  meas- 
uring the  terminal  conductance  of  the  MIS 
structure  at  a fixed  bias  in  the  strong  region 
as  a function  of  frequency.  Typical  meas- 
urements are  shown  in  reference  (5).  Thus, 
the  Gg  values  are  determined  by  this  method 
as  a function  of  temperature . Figure  5 
shows  the  thermally  generated  conductance, 
Gg,  as  a function  of  the  reciprocal  of  the 
absolute  temperature;  the  experimental 
results  yield  a straight  line  on  a semi -log 
plot.  The  slight  departure  from  a straight 
line  in  the  low  temperature  region  is  due  to 
the  noise  of  the  measuring  instrument 
since,  in  this  region,  the  measurement 
frequencies  used  to  determine  Gg  are  quite 
low  (less  than  100  Hz) . 


equal  to  0.23  ev.  The  activation  energy  is 
correctly  equal  to  Eg/2,  as  shown  in 
Figure  5.  Therefore,  the  dependence  of 
the  thermally  generated  conductance,  Gg, 
on  the  intrinsic  carrier  concentration,  nj, 
indicates  that  Gg  is  dominated  by  genera- 
tion in  the  space-charge  region  of  the  MIS 
structure,  verifying  our  earlier  assump- 
tion. The  other  generated  components  are, 
indeed,  smaller  than  that  of  the  space- 
charge  generation.  This  means  that  the 
minority  carrier  generation,  due  to  surface 
state  density,  does  not  contribute  to  the 
generation  mechanism.  Therefore,  for  the 
inverted  InSb  MIS  structure  minority 
carrier  thermal  generation  is  dominated  by 
space -charge  generation,  which  is  a bulk 
generation  process,  thus  leading  to  good 
MIS  structures. 


From  Equations  (13)  and  (14),  the 
generation  rate,  g,  is  simply  given  by, 


a GeN° 

g = —7! 


(18) 


which  can  be  calculated  from  the  experi- 
mentally determined  values  of  Gg  and  Cj). 
For  an  n-type  InSb  MIS  structure  (Np  • 

2 x 10l5  cm,  *3,  C0  = 72  pF  and  Cmin  = 

37  pF),  for  example,  the  depletion  capaci- 
tance, Cd,  and  the  thermally  generated 
conductance,  Gg,  are  equal  to  76  pF  and 
3.2  x 10-8  mhos,  respectively,  for  a 20- 
mil  diameter  device.  From  these  values, 
the  lifetime  (t)  can  be  computed  to  be 
approximately  equal  to  10-8  sec,  which  is 
well  within  the  range  of  the  reported 
values  (8). 


The  exponential  dependence  of  Gg  on 
the  reciprocal  temperature  does  ensure 
that  the  generation  mechanism  is  thermal 
in  nature.  Furthermore,  from  the  slope  of 
the  straight  line,  one  can  see  that  Gg  indeed 
follows  the  ni  variation  with  temperature 
since 

nt  a exp  (-Eg/2kT),  (17) 

where  Eg  is  the  bandgap  energy  for  InSb  and 


The  dark  current  Ig,  generated  in  the 
depletion  region  for  the  above  device  is, 
then,  approximately  equal  to  10 -® A and 
when  operated  in  the  charge  storage  mode, 
this  dark  current  limits  the  device's  ulti- 
mate storage  time . The  dark  current 
storage  time,  Ta 
the  dark  current  '•a>  as, 


ls,  can  then  be  related  to 

3(9)! 
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(19) 
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where  AV  is  the  voltage  swing  from  inversion 
to  depletion.  For  AV  = 10  V,  the  dark  current 
storage  time  is  about  0. 1 sec.  This  result 
is  also  evident  from  the  C -V  data . 


(AdAf) 


1/2 


(20) 


It  is  significant  that  Ts,  here,  is 
roughly  seven  orders  of  magnitude  greater 
than  the  carrier  lifetime  for  InSb  MIS  de- 
vices, which  is  why  the  charge  storage 
InSb  MIS  structure  is  so  attractive  as  a 
charge  integrating  device,  even  though  the 
carrier  lifetime  is  short.  Furthermore, 
for  InSb  devices  operating  in  the  IR  region, 
the  background  photon  flux  that  the  device 
sees  also  generates  additional  current, 
which,  then,  causes  a decrease  in  storage 
time.  Our  results  (*>  5)  indicate  that  the 
dark  current  of  these  structures  is  relatively 
small  compared  to  that  generated  by  the 
typical  background  photon  flux  encountered 
in  the  operation.  Under  this  condition  the 
dark  current  appears  to  be  less  important 
and  the  background  photon -generated  cur- 
rent should  then  determine  the  device 
operating  storage  time . 


IV.  InSb  CID  OPERATION  USING  THE  MIS 
STRUCTURES 

The  physics  of  charge  injection 
devices  (CID)  has  been  described  in  some 
detail  (1),  and  the  charge  injection  mode  of 
operation  of  InSb  MIS  structures  has  been 
successfully  demonstrated . We  present 
here  some  of  the  optical  measurements  ob- 
tained on  InSb  CID  devices . 

For  the  signal -to -noise  ratio  meas- 
urements, we  used  a narrow  band  spike 
filter;  X0  = 4.5  /x,  peak  transmission  = 41%, 
and  AX  = 0.2  /x.  The  input  signal  radiation 
through  the  filter  from  a blackbody  source 
was  computed  to  be  3.9  x 10-*0  watts  (peak 
value).  The  estimated  background  photon 
flux  was  approximately  10*3  photons  /sec- 
ern . 

The  conventional  sensitivity  notation 
for  IR  detectors  uses  D*,  given  by 


where  Af  is  the  bandwidth  of  the  instrument 
to  measure  the  noise,  Vn  (volts),  and  Ps 
is  the  input  photon  signal  (watts)  to  produce 
the  output  electric  signal,  V8  (volts). 

D*x0  Is  equal  to  2.8  x 10-8  x V8/Vn,  where 
Vs  is  the  peak -to-peak  value.  We  will  com- 
pare the  measured  D*x0  value  of  Equation 
(20)  with  the  best  possible  theoretical  value. 

For  our  results,  the  best  signal  was 
30  mV  (measured  at  dc  and,  thus,  the  peak 
value)  at  an  integration  time  of  1 msec . 

If  we  operate  an  array  of  32  elements  for 
one  msec,  the  sampling  frequency  is  3.2  x 
10*  Hz.  For  single  device  measurements, 
this  is  the  same  as  a sample  pulse  period 
of  about  30  nsec,  as  far  as  the  sampling 
rate  is  concerned.  Therefore,  the  noise 
was  measured  at  this  sampling  rate,  although 
the  signal  was  measured  with  a one  msec 
period  (=  one  msec  storage  time).  A wave 
analyzer  with  a Af  = 6 Hz  bandwidth  was 
employed  to  determine  the  noise  values . 

At  the  above  sampling  rate,  the  measured 
noise  value  varies  from  3 /xv  at  100  Hz  to 
2 /xv  at  104  Hz.  We  then  use  an  average 
noise  of  2 . 5 /xv  in  the  information  bandwidth 
(=  sampling  frequency /2)  for  the  measure- 
ments . 


The  signal-to -noise  ratio  is  then, 


30  mv  , 0 ,„4 

2.5  /xv  " 12  * 10 


(21) 


Substituting  Equation  (21)  in  Equation  (20), 
the  D*x0  is, 

D*x  = 3.4  x 1012  cm(Hz)1/2/watt 

° (22) 

The  theoretical  expression  of  D*x0  (BLIP) 
is  given  by, 

X 

D*x  (BLIP)  = jjf  ^tj/2Qb  ( (23) 
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where  tj  is  the  quantum  collection  efficiency, 
Qg,  is  the  background  photon  flux  and  the 
other  quantities  are  well-known . The  col- 
lection efficiency,  tj , for  our  MIS  structures 
was,  generally,  equal  to  50%.  For  the 
above  background  photon  flux  level, 

(Qb  ar  10f*  photons/sec-cm2),  therefore, 
the  theoretical  value  of  the  background- 
limited  D*\0,  the  best  possible  sensitivity, 
is  equal  to 

D*  (BLIP)  = 3.6  x 10 12 
Ao 

cm  (Hz)1//2/watt  (24) 

which  compares  closely  with  the  measured 
value  of  Equation  (22) . 

In  order  to  measure  the  device's 
saturation  characteristic,  we  increased  the 
number  of  input  signal  photons  and  raised 
the  blackbody  source  temperature  to  800°C 
so  that  the  source  signal  photons  were  much 
larger  than  the  background  photons  (Qg). 
Under  this  condition,  then,  the  saturation 
point  depends  only  on  the  signal  photons  and 
can  be  determined  quite  accurately.  The 
measured  saturation  characteristic  of  a 
device  is  shown  in  Figure  6;  the  saturation 
starts  at  a photon  flux  density  of  about 
6 X 10*4  photons/sec-cm2.  Thus  the  maxi- 
mum number  of  the  stored  charges  with  a 
quantum  efficiency  of  50%  and  the  integration 
time  of  500  4 sec  is  equal  to  approximately 
3 x 10®  carriers . 

The  above  maximum  stored  charges 
can  be  compared  with  the  maximum  storage 
capacity  of  the  MIS  capacitor.  The  stored 
carrier  density,  N,  in  the  potential  well  is 
given  by 

-<2« DitJ)W,  (25) 

f 

where  Vfb  Is  the  flatband  voltage  and  Co  is 
the  oxide  capacitance  per  unit  area.  The 
maximum  stored  carrier  density,  Nmax, 
for  a given  gate  voltage,  Vg,  is  determined 
when  the  system  reaches  the  steady  state, 
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which  occurs  when  the  surface  potential, 

4>s,  is  approximately  equal  to  twice  the 
bulk  potential,  <£p;  <j>8  * 2 tfp.  Thus, 

Nmax  is 

"N»«  * °;<vg  - vtb  - v - (4’nd 
« *F)1/2  (26) 

For  the  device  used,  Co  = 3.2  x 10"®  F/cm2 
vg  " vfb  “ ®*F  * 2 volts  and  Ng  “ 101”cm3. 
Since  the  bulk  Fermi  level  of  n-type  InSb 
at  this  doping  level  is  near  the  conduction 
band,  the  bulk  potential,  is  equal  to 
about  0.1  volts.  Using  these  values,  the 
maximum  carrier  density,  Nmax,  that  can 
be  stored  in  the  MIS  structure  is, 

Nmax  “ 2 x I®**  carriers/cm2,  (27) 

which  leads  to  the  maximum  number  of 
stored  carriers  for  an  area  of  2 x 10®  cm2, 
i.e.  4 x 10®  carriers.  This  value  agrees 
with  the  experimentally  determined  value 
of  3 x 10®  carriers  within  the  experimental 
accuracy . 

As  shown  in  the  above  equation, 

Nmax  is  directly  proportional  to  the  gate 
voltage,  Vg.  To  increase  the  storage  capa- 
city, however,  V„  cannot  be  increased  to 
any  arbitrary  higher  value,  because  the 
avalanche  breakdown  voltage  of  InSb 
materials  appears  to  be  relatively  small. 

It  should  be  pointed  out,  however,  that  the 
measured  dynamic  range  for  Af  = 6 Hz  is 
already  in  the  range  of  six  orders  of  mag- 
nitude . 

The  spectral  response  of  InSb  CID 
devices  was  also  measured;  the  results  are 
shown  in  Figure  7.  For  these  measurements 
an  integration  time  of  100  4s  was  used. 

The  device  output  signal  voltage,  corrected 
for  the  thermocouple  readings,  was  meas- 
ured as  a function  of  wavelength. 

It  is  interesting  to  note  that  there  is 
no  sharp  peak  in  the  spectral  response  and 
that  the  response  in  the  shorter  wavelength 
region  is  excellent.  In  fact,  the  quantum 
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efficiency  is  almost  constant  from  5/x  to  l/i . 
This  is  due  to  the  fact  that,  for  such  a de- 
vice structure,  high  collection  efficiencies 
can  be  obtained  since  the  depletion  region 
is  formed  at  the  surface . No  carrier  diffu- 
sion is  required  for  collection,  as  is  normal- 
ly required  in  a p-n  junction  photodiode, 
because  most  of  the  carriers  are  generated 
in  the  high  field  region.  This  is  why,  for  the 
higher  energy  photons  (shorter  wavelength 
region),  the  quantum  efficiency  is  as  good 
as  that  for  the  peak  response. 


V.  CONCLUSIONS 

A metal-insulator-InSb  MIS  technology 
has  been  developed.  The  interface  state 
density  of  these  structures  conforms  to  the 
Shockley -Read -Hall  theory  of  interface 
states;  experimentally  the  density  has  been 
measured  in  the  range  of  1011  cm  "2  eV-1 
(varying  with  the  surface  potential  from  the 
mid-lO^O  to  mid-lO*1  cm "2  eV"1  range). 

Because  of  the  low  surface  state  den- 
sities, we  have  been  able  to  fabricate  InSb 
MIS  structures  that  operate  in  the  charge 
injection  mode . The  quality  of  the  interface 
of  these  devices  makes  possible  low  dark 
currents,  near  background -limited  perfor- 
mance, and  a saturation  characteristic  that 
follows  the  theoretically  expected  storage 
capacity  of  an  MIS  capacitor . A detailed 
analysis  of  the  interface  properties  based 
on  conductance  measurements  agreed  well 
with  theoretical  models. 
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ABSTRACT.  The  purpose  of  developing  extrinsic  silicon  monolithic  infrared  focal  plane 
arrays  is  to  improve  the  performance  and  reduce  the  cost  of  electro -optical  sensors. 

The  technology  for  making  1024-element  mosaic  arrays  is  discussed. 

Data  on  quantum  efficiency  and  detectivity  (D*)  as  a function  of  wavelength  and  temperature 
is  presented  for  gallium-  and  indium-doped  silicon.  The  effect  of  compensation  on  detec- 
tor responsivity  is  reviewed.  The  results  of  measuring  the  crosstalk  of  1 x 2 mil‘  and 
4x4  mil2  monolithic  detectors  are  also  presented.  Low -temperature  (<20°K)  CCD  opera- 
tion has  been  demonstrated, and  a relative  transfer  loss  of  less  than  4 x 10“5  has  been 
observed.  Various  chip  designs  are  shown  and  discussed. 

INTRODUCTION 

Most  current  high-performance  infrared 
electro-optical  sensors  consist  of  infrared 
telescopes,  mechanical  azimuth  (and  ele- 
vation) scanners,  and  linear  (or  small, 
two-dimensional)  infrared-sensitive  arrays 
with  their  associated  detector  preampli- 
fiers and  video  multiplexers.  The  per- 
formance of  well  designed  infrared  sensors 
is  close  to  that  theoretically  predicted^ 

Performance  is  usually  expressed  as  noise 
equivalent  temperature  difference  (NETD), 
minimum  resolvable  temperature  differ- 
ence (MRTD),  or  noise  equivalent  target 
(NET)  for  point  sources. 

By  using  the  standard  performance  equa- 
tions one  can  trade  off  signal-to-noise 
ratio  (SNR)  and  resolution  against  the  di- 
ameter of  the  optics,  the  field  of  view 
(FOV),  scan  rates,  number  of  detector 
elements,  etc.  Such  tradeoffs  are  usually 
made  in  order  to  optimize  a sensor  for  a 
specific  application.  The  principal  limita- 
tions on  sensor  performance  are  the  dif- 
fraction limit  of  the  optics  in  the  infrared 

*This  work  was  partially  supported  by  the  following  contracts:  (1)  DAAH01 -75-C-0276 
(DARPA  sponsored),  (2)  F3361 5-75-C- 1 175,  AFAL,  (3)  DAAG53-75-C-01 51 , NVL. 
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spectral  region  and  the  number  N of 
infrared- sensitive  detector  elements, 
which  for  state-of-the-art  sensors  is  less 
than  1000. 

In  order  to  improve  infrared  sensor  per- 
formance without  increasing  the  diameter 
of  the  optics  beyond  a typical  value,  the 
number  of  detector  elements  in  the  FOV 
must  be  increased.  For  a given  FOV  and 
angle  subtended  by  one  detector  element, 
the  value  of  SNR  increases  with  the  num- 
ber of  such  elements  as  \fN.  For  a given 
value  of  SNR  and  angle  subtended  by  one 
detector  element,  the  sensor  FOV  increas- 
es linearly  with  the  number  of  such  ele- 
ments within  the  limits  imposed  by  the 
properties  of  geometrical  optics. 

The  purpose  of  developing  extrinsic  silicon 
monolithic  foe  ad  plane  arrays  (2)  (MFPAs)or 
infrared  charge  coupled  devices  (IRCCDs) 
is  to  improve  performance  beyond  that  of 
current  electro-optical  sensors  without 
increasing  the  number  of  components  and 
therefore  the  cost  of  such  sensors.  A 
realistic  goal  is  to  develop  MFPAs 


1 


containing  32  x 32  or  1024  detector  ele- 
ments per  chip.  Such  arrays  are  illus- 
trated in  this  paper.  By  stacking  these 
chipsin  the  focal  plane  in  the  same  way  as 
detector  elements  are  now  stacked,  it 
appears  reasonable  to  assume  that  an 
order -of -magnitude  improvement  in 
performance  can  be  achieved  in  the  near 
future. 

Several  hybrid  and  monolithic  IRCCD 
devices  have  been  previously  dis- 
cussed(2>  3,  4-7).  These  devices  are 
classified  as  hybrid  or  monolithic  infrared 
CCDs,  respectively,  depending  on  whether 
they  consist  of  infrared  detector  materials, 
such  as  InSb,  HgCdTe,  PbSnTe,  PbS,  etc. 
combined  with  silicon  CCDs,  or  whether 
these  detector  elements  and  the  CCD  read- 
out registers  are  processed  in  the  same 
material.  The  emphasis  in  this  paper  is 
on  monolithic  extrinsic  silicon  focal  plane 
arrays  which  have  the  obvious  advantage 
of  being  based  on  the  highly  developed 
"standard"  silicon  processing  technology. 

QUANTUM  EFFICIENCY  OF  EXTRINSIC 
SILICON  MFPAs 


Extrinsic  silicon  MFPAs  use  the  CCD  sub- 
strate as  the  infrared- sensitive  detector. 
Such  a detector  is  operated  in  the  photo - 
conductive  mode.  Other  structures,  such 
as  diffused  junctions,  photoc apac itive 
devices,  MOS  junctions,  and  Schottky 
barrier  junctions,  have  been  consideredt®) 
for  use  in  IRCCDs. 

The  photoconductive  detector  is  the  only 
detector  having  an  absorption  thickness 
that  is  large  enough  to  provide  an  accept- 
able detector  quantum  efficiency  with  the 
weak  transitions^,  9)  characteristic  of 
extrinsic  silicon.  A typical  absorption 
cross  section  <r  for  gallium -doped  silicon 
at  10  pm,  for  example,  is  <r  = 4 x 10-1® 
cm2.  An  acceptable  quantum  efficiency 
(250  percent)  is  obtained  if  <r  (N^  - Njj) 

! i 1,  where  N^  - No  is  the  acceptor 
minus  the  donor  concentration  (3  x 101® 
cm*®)  and  d is  the  thickness  of  the  sample 
in  the  direction  of  the  incident  radiation. 

On  the  basis  of  these  values,  one  finds  that 
the  required  thickness  is  l > 0.  8 mm. 


Si:Ga  arrays  for  doping  concentrations  in 
the  range  as  a function  of  wavelength. 


1016<  N 


Ga 
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<10  gallium  ions /cm 


The  calculation  is  based  on  the  wavelength 
dependence^®)  of  a and  the  classical 
expression  for  the  external  quantum 
efficiency,  i.  e.  , 
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= Ji 


~ R)  U 

(1  - Re 


- e‘N^  > 
-Ncrf  ) 


where 

R = -ingle -surface  reflection 
coefficient 

N = density  of  absorbing  centers 

<r  = absorption  cross  section 

It  = thickness  of  detector 

This  relation  holds  for  a transverse 
detector  and  it  approaches  a maximum 
value  of  1 - R ( = 0.  5 for  silicon)  for 
large  values  of  Nof . In  MFPA  struc- 
tures, such  as  those  discussed  here,  the 
current  flows  parallel  to  the  direction  of 
the  incident  radiation.  In  this  case  the 
expression  is  slightly  modified. 

The  main  considerations  in  regard  to  the 
expected  quantum  efficiency  of  extrinsic 
silicon  detectors  are  (1)  the  maximum 
solid  solubility  of  the  impurity  in  silicon 
and  (2)  the  way  in  which  impurity  banding 
affects  detector  performance  when  the 
detector  is  doped  near  the  solid  solubility 
limit. 

The  photoconductive  gain  of  extrinsic 
silicon  is  directly  proportional  to  the 
product  of  mobility  and  lifetime  pT  and  to 
a frequency  response  factor  g(f,  Qg)  which 
derives  from  the  space  charge  relaxation 
near  the  injecting  contacts.  The  3-db  cut- 
off frequency  fgjg  (Qr)  1B  a function  of  the 
average  background  photon  flux  density  Q 
(photons /cm2- sec)  incident  on  the  detectc 
The  transient  response  of  extrinsic  silicon 
detectors  also  depends  on  the  space  charge 
relaxation  near  the  contacts. 


Figure  1 shows  the  theoretical  and  meas-  The  photoconductive  lifetime  of  extrinsic 

ured  values  of  quantum  efficiencies  of  silicon  is  inversely  proportional  to  the 
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Figure  1.  Theoretical  and  measured  quantum  efficiency  of  Si:Ga  MFPAs 


number  of  compensating  impurities  in  this 
material.  In  gallium-doped  silicon,  these 
impurities  are  phosphorous  having  a con- 
centration of  about  2 x 1013  cm*3.  Such 
impurities  (donors)  are  introduced  into  the 
crystal  in  order  to  compensate  for  the 
residual  boron  (acceptor)  impurities  that 
are  always  present  in  the  polycrystalline 
silicon  starting  material  with  a concentra- 
tion of  about  1 0 1 3 cm*3.  In  typical  extrinsic 
silicon  materials,  the  lifetimes  range  from 
10  to  100  nsec,  depending  on  the  details  of 
the  particular  crystal  parameters. 

The  hole  mobility  of  gallium-doped  silicon 
from  5°K  < T < 25°K  is  approximately 
1 x 10^  cm2/volt-sec  for  = 3 x lO1^ 


Selected  values  of  the  product  pr  or  photo - 
conductive  gains  have  been  presented  for 
extrinsic  silicon  detectors  for  different 
values  of  background  photon  flux  density 
and  temperature  for  both  gallium-  and 
indium-doped  crystals^®).  Hall  effect 
data  on  the  crystals  shows  that  the  carrier 
concentration  is  a function  of  1/T  and 
that  the  activation  energy  for  the  various 
levels  (gallium,  boron,  etc.  ) appears  as 
the  slopes  of  the  curves  expressing  this 
function.  (9). 


The  relaxation  time  due  to  space  charge 
effects  can  be  approximated  by 


r = 2Gt 

s p 


where 


G = prE/d  = photoconductive  gain 

E = bias  field,  volts /cm 

d = detector  thickness,  cm 

t = it  odfqpTQjj)-1  = dielectric 
" relaxation  time,  sec. 

t = relative  dielectric  constant 
( 12  for  silicon) 

« = dielectric  constant  of  free  space 

q = electronic  charge,  coulombs 

Qg  = background  photon  flux  at 
focal  plane,  photons /cm^ 


Note  that  the  term  pr/d  is  cancelled  out  in 
the  expression  for  Tg;  hence 

Ts  =Ts  qB>  = 2 eeoE/(qQB) 


The  relaxation  time  of  holes  due  to  bulk 
effects  can  be  approximated  by  the  clas- 
sical expression 

r = (BN  f1 
P 

where 

B = recombination  coefficient, 
cm3 /sec 

N = number  of  negatively  ionized 
^ trapping  centers  per  cra^, 
(compensating  phosphorous 
centers  Np  in  p-type  gallium- 
doped  silicon) 


calculated  value  of  responsivity  based  on 
known  parameters  of  the  material. 

Several  lots  of  the  2096  MFPAs  (see  below) 
have  been  processed  on  both  Czochralski- 
grown  (CZ)  and  float-zone  grown  (FZ) 
materials.  This  has  provided  an  oppor- 
tunity for  measuring  the  expected  increase 
in  responsivity  because  of  the  greater 
purity  of  the  FZ  silicon.  Table  1 shows 
values  of  MFPA  responsivity  for  four 
device  lots  at  X.  = 4 pm. 

In  this  table,  calculated  and  measured 
values  of  responsivity  for  the  FZ  material 
are  in  good  agreement  for  an  assumed 
recombination  coefficient  B of  6.  4 x 10"^ 
cmVsec  and  a quantum  efficiency  qof  0.  25. 


This  approximation  is  generally  valid  for  EXTRINSIC  SILICON  MFPA 

Np  > 1 Oil  phosphorous  centers  per  cm3  and 

for  typical  background  photon  flux  levels  Figure  2 shows  a portion  of  an  extrinsic 

Qb  that  are  less  than  1016  photons/cm2-  silicon  MFPA  array  on  the  Hughes  CCD 

sec.  2063  test  chip.  This  chip  has  several 

linear  arrays  with  integral  CCD  readout. 

The  performance  of  this  test  chip  has  been 
Typical  values  of  t are  10  < t < 100  nsec  previously  reported.  (H)  Crosstalk 

and  t8  = 1.  35  x 107  E/Qg.  For  a typical  characteristics  have  recently  been  investi- 

bias  field  E of  200  v/cm  and  for  a back-  gated  and  are  described  here, 

ground  photon  flux  Qg  of  1014  photons/ 

cm2-sec,  ts  = 27  psec.  Except  for  Figure  3 shows  the  measured  and  calculated 

very  high  values  of  Q3,  the  dominant  spot  scan  of  a detector  in  the  32-element 

time  constant  is  the  space  charge  relaxa-  MFPA  on  CCD  2063.  The  calculated 

tion  time  constant.  response  is  the  convolution  of  the  effective 

detector  width  and  the  blur  spot  size.  The 
effective  detector  width  is  larger  than  the 

The  static  responsivity  R^  = 0.  804 \qG  detector  contact  size  because  of  the  dis- 

amperes/watt  (where  x.  is  measured  in  tribution  of  the  biasing  electric  field  lines 

pm  and  q is  the  quantum  efficiency)  can  be  between  adjacent  detector  elements  in  the 
measured  directly  and  compared  with  the  structure.  The  structure  between  the 


Table  1.  MFPA  responsivity 


Responsivity,  amperes/watt 

Lot  No. 

Material 

Compensation 
(total  donors),  cm*^ 

Predicted 
(E=200  v/cm) 

Measured 

2063-20 

CZ 

10l4 

0.26 

0.  185 

2096-2 

CZ 

IOI4 

0.26 

0.  04  to  0.  1 1 

2096-10 

FZ 

9.  9 x 1012 

2.5 

2.48 
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Figure  2.  Extrinsic  silicon 
MFPA  test  chip 


Figure  3.  Spot  scan  of  1 x 2 mil 
detector  on  CCD  2063 


contacts  is  transparent  to  infrared  radia- 
tion. The  measured  spot  scan  shows  11.  5- 
percent  crosstalk  at  the  center  of  the 
adjacent  detector  element  when  an  f/1.  5 
optical  system  is  used  to  generate  the  test 
spot.  The  MFPA  was  0.  020 -inch  thick 
with  a Si:Ga  substrate.  As  shown  in 
Figure  4,  the  response  is  linear  with 
detector  bias. 


Figure  4.  2063  MFPA  output  as  function 
of  chip  bias 


Crosstalk  in  the  MFPA  structure  is  due  to 
bulk  optical  effects,  including  reflection 
from  the  back  surface  (see  Figure  5).  The 
electrical  crosstalk  is  negligible  because 
the  lateral  diffusion  of  the  carriers  is  on 
the  order  of  1 pm.  In  addition,  shunting 
surface  conductance  paths  between 
adjacent  detector  contacts  due  to  dopant 
imjxirity  pile-up  at  the  processed  surface 
do  not  occur  in  this  structure. 

As  shown  in  Figure  5,  the  incoming  optical 
cone  converges  in  the  silicon  substrate 
because  of  the  change  in  the  index  of 
refraction.  Crosstalk  is  therefore  a 
function  of  f/number,  quantum  efficiency  q, 
and  backside  reflectivity  p . The  measured 
crosstalk  indicated  in  Figure  3 is  shown 
as  a point  on  the  calculated  curves  in 
Figure  6.  In  the  calculated  curves,  the 
detector  geometry  shown  in  Figure  3 was 
assumed.  The  second  curve  in  Figure  6 
shows  the  projected  crosstalk  with 
greater  quantum  efficiency  (dopant  con- 
centration) and  the  elimination  of  backside 
reflectivity.  If  this  reflectivity  is 
small,  crosstalk  can  be  further  reduced 
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Figure  5.  Cross  section  of  extrinsic 
silicon  MFPA 


Figure  6.  Si:X  MFPA  crosstalk  as  a 
function  of  optical  f /number 


by  reducing  the  MFPA  thickness.  At  higher 
f /numbers,  crosstalk  approaches  zero 
because  the  rays  entering  the  silicon  are 
refracted  to  an  angle  that  is  almost  per- 
pendicular to  the  front  surface  of  the 
MFPA. 

The  temperature  at  which  an  extrinsic 
silicon  MFPA  (or  any  extrinsic  detector) 
must  operate  in  order  to  achieve  BLIP 
performance  depends  on  the  focal  plane 
photon  background  and  on  the  energy  level 
(spectral  cutoff)  of  the  dopant  used. 

Figures  7 and  8,  which  show  as  a 

function  of  temperature,  define  the 
operating  temperatures  required  for  two 
popular  extrinsic  detector  materials 
(Si:In  and  Si:Ga),  respectively.  In 
Figure  7,  the  theoretical  BLIP  operating 
temperatures  for  Si:In  range  from  5°  to 
10°  lower.  In  a similar  fashion,  in 
Figure  8,  the  predicted  operating  tem- 
peratures for  Si:Ga  range  from  21°  to 
32°K.  For  present  materials  the  operating 
temperatures  must  be  3°  to  5°  lower. 

PERFORMANCE  OF  CCDs  AT  LOW 
TEMPERATURES 

In  the  extrinsic  silicon  MFPA  configura- 
tion, CCDs  must  operate  at  the  same  low 
temperature  that  the  detectors  need  for 
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Figure  8,  D*\.pk  of  Si:Ga  as  a function 
of  temperature 

BLIP  operation.  These  operating  tem- 
peratures can  be  lower  than  the  temperature 
at  which  the  onset  of  thermal  carrier 
freeze-out  begins  for  the  CCD.  Current 
understanding  of  the  low-temperature 
operation  of  MOS  devices  suggests  that 
greater  noise  and  poor  transfer  efficiency 
may  result  in  this  case.  Since  it  is 
important  to  the  success  of  an  extrinsic 
silicon  MFPA,  it  is  appropriate  to  review 
some  low-temperature  CCD  test  results. 

Figure  9 shows  measured  CCD  transfer 
efficiency  as  a function  of  clock  frequency 
at  four  different  operating  temperatures. 

The  CCD  tested  was  a 150-bit  shift  register 
(Hughes  CCD  2070)  processed  as  a p-sur- 
face  channel  device.  Devices  from  several 
different  lots  were  evaluated.  Dewar  test 
leads  limited  the  test  setup  to  clock  fre- 
quencies of  less  than  200  kHz.  This  figure 
shows  that  transfer  efficiency  increases 
below  room  temperature  and  that  at  tem- 
peratures from  80°  to  13°K,  the  transfer 
loss  t = 1 - a,  has  an  average  value  of 
less  than  4 x 10-5  (corresponding  to  a 
transfer  efficiency  a of  0.  99996). 


FREQUENCY, KHi 

Figure  9.  CCD  transfer  of  a function 
of  clock  frequency 

To  help  establish  a criterion  for  acceptable 
values  of  transfer  efficiency  for  MFPAs, 
the  CCD  output  pulse  height  as  a function  of 
number  of  transfers  was  plotted  (See  Fig- 
ure 10).  The  relative  amplitudes  of  the  first, 
second,  and  third  output  pulse  are  shown  for 
an  input  pulse  having  an  amplitude  of  unity. 
The  value  of  transfer  efficiency  a is 
assumed  to  be  0.9999  («  = 10"^). 

For  most  applications,  maintaining  a pulse 
fidelity  within  1 percent  is  adequate. 
Figure  10  shows  that  if  all  bits  of  the  CCD 
convey  a signal,  the  number  of  transfers 


NUMtEt  OF  TRANSFERS 

Figure  10.  CCD  pulse  height  as  a function 
of  number  of  transfers  for  a = 0.  9999 
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low  temperatures  and  that  they  in  fact 
improve  somewhat  at  low  temperatures. 
Measurements  show  that  transfer 
efficiency  and  noise  level  are  accept- 
able for  most  applications. 

Figure  12  shows  a second-generation 
extrinsic  silicon  MFPA  test  chip;  it  con- 
tains a family  of  test  devices,  including 
three  new  basic  concepts  for  CCD  detector 
readout  in  monolithic  format.  Two  test 
devices,  the  4x4  array  and  the  32  x 2 
array,  are  being  evaluated  as  part  of  the 
development  of  a complete  32  x 32  staring 
array.  These  devices  employ  almost 
identical  detector  elements  measuring 
0.  004  x 0.  004  inch,  as  shown  in  Figure  13. 

Spot  scans  of  a detector  element  are 
shown  in  Figures  14  and  15.  The  calcu- 
lated responses  shown  in  these  figures 
were  obtained  as  in  Figure  3 with  an 
assumed  detector  aperture  4 mils 
square. 

The  geometry  of  the  integrated  detector 
contact  is  responsible  for  the  departure 
from  the  calculated  curves,  but  these 
scans  do  indicate  that  an  effective  detector 
area  that  is  80  percent  of  the  detector 
element  area  can  be  achieved. 


FREQUENCY,  Hi 


Figure  11.  CCD  noise  as  a function  of  frequency 


is  limited  (for  1 -percent  fidelity)  to 
approximately  100  because  of  second-pulse 
spillover.  In  the  more  typical  case  in 
which  the  signal  is  conveyed  in  alternate 
bits,  this  figure  shows  that  even  after 
512  transfers,  fidelity  as  limited  by  third- 
pulse  spillover  is  greater  than  0.  12  per- 
cent. It  is  therefore  concluded  that  a CCD 
transfer  efficiency  of  0.  9999,  which  is 
easily  achievable  at  the  detector  operating 
temperatures,  is  adequate  for  most 
applications. 

Figure  11  shows  the  noise  spectral  density 
measured  with  the  same  CCD  as  that  used 
in  the  transfer  efficiency  tests  (see  Fig- 
ure 9).  Measurements  were  also  made  at 
the  same  four  operating  temperatures.  In 
Figure  11,  the  average  midband  noise  is 
approximately  2.  5 noise  carriers/  ,/Hz, 
which  is  equivalent  to  a total  integrated 
noise  of  30  noise  carriers /bit  normalized 
to  an  0.  001 -inch  channel  width.  For  a 
surface  channel  CCD,  this  level  of  noise 
is  normally  considered  to  be  lower  than 
average. 

In  summary,  it  appears  that  the  low- 
temperature  transfer  efficiency  and 
noise  characteristics  of  surface  channel 
CCDs  display  no  anomalous  behavior  at 
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Figure  13.  MFPA  4x4  array 


Figure  16  shows  the  two  output  pulse  trains 
from  the  2 x 32  array.  The  integrated 
detector  signals  are  transferred  to  the 
readout  CCDs  by  pulsing  the  transfer 
electrode  (the  transfer  pulse  shown  in 
this  figure)  and  then  read  out  serially. 

The  uniformity  of  response  is  approxi  - 
mately  ±15  percent.  At  present,  it  is 
limited  by  the  variation  in  the  concentration 
of  gallium  in  the  detector  volume. 

This  amount  of  variation  is  acceptable  for 
certain  staring  sensors  used  for  "change 


detection".  More  sophisticated  differ- 
ential encoding  techniques  can  be  used  when 
variations  in  array  response  must  be  com- 
pensated for,  as  in  imaging  applications. 

32  x 32  MFPA 

A layout  of  a 32  x 32  detector  MFPA  is 
illustrated  in  Figure  17.  The  overall  chip 
dimensions  are  184  x 187  mils.  The  total 
active  area  is  128  x 128  mils.  Each 
detector  element  (4x4  mils)  contains 
input  circuitry,  a storage  bucket,  an  over- 
load protection  device,  a transfer  gate, 
and  four  bits  of  CCD  readout.  Each  row 
of  the  array  consists  of  32  detector  ele- 
ments and  128  CCD  bits.  A 128-bit  multi- 
plexing CCD  (at  the  left  in  this  figure) 
reads  the  charge  out  columnwise  from  the 
array. 

POWER  DISSIPATION  ON  FOCAL  PLANE 

In  systems  which  will  utilize  a large 
number  of  MFPA  chips,  power  dissipation 
on  the  focal  plane  becomes  an  important 
design  factor.  The  sources  of  electrical 
power  dissipation  are  briefly  discussed 
below. 

Electrical  power  dissipation  on  the  focal 
plane  chip  originates  from  (1)  the 
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detectors,  (2)  the  CCD  readout  registers, 
and  (3)  the  output  circuitry.  The  power 
dissipated  by  this  circuitry  is  expected  to 
dominate  and  depends  primarily  on  the 
bandwidth.  At  clock  rates  of  200  kHz, 
bias  currents  of  at  least  0.  1 ma  and  a 
drain  voltage  of  about  6 volts,  output  MOS 
devices  dissipate  about  0.  6 mw.  This 
amount  of  power  combined  with  that  dissi- 
pated by  the  detectors  brings  the  total 
power  dissipated  to  less  than  1 mw/chip. 
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ABSTRACT.  Indium  antimonide  (InSb)  CCDs  and  other  MIS  devices  have  been  fabricated 
and  successfully  operated.  The  CCDs  are  four-phase,  overlapping  gate,  surface  channel 
devices  fabricated  on  n-type,  single-crystal  InSb.  The  demonstration  of  charge  coupling 
in  this  material  offers  the  potential  of  a future  generation  of  1-  to  5-p.m  charge-coupled 
infrared  imaging  devices  (CCIRIDs).  Fabrication  of  the  MIS  structures  is  discussed. 
Several  properties  of  the  insulator-InSb  interface  were  evaluated  from  MOSFET  and  MIS 
capacitor  data.  Measurement  of  interface  state  density  has  indicated  midband  values  of 
6 X lO^/cm^-eV,  Storage  times  of  up  to  0.  5 sec  have  been  measured  at  77°K;  the  dark 
current  at  this  temperature  is  shown  to  be  due  to  bulk,  rather  than  surface,  generation. 
Effective  inversion  layer  mobility  of  250  to  500  cm2/volt-sec  has  been  determined  from 
the  MOSFETs.  Results  are  given  for  a four-bit  InSb  CCD  with  200-p.m  bit  length.  An  ef- 
ficiency per  transfer  of  0.  90  was  measured  for  this  device,  limited  by  the  gate  length  of 
the  CCD  and  the  interface  state  density.  Efficiencies  of  0.  99  or  better  are  projected  for 
InSb  CCDs  with  shorter  gate  lengths.  Other  devices  for  infrared  applications  utilizing 
InSb  MIS  structures  have  also  been  fabricated;  results  are  given  for  single-  and  multi- 
element MIS  detectors  utilizing  substrate  injection  readout. 


I.  INTRODUCTION 


Since  the  advent  of  charge -coupled 
devices,  several  new  concepts  for  the  fab- 
rication of  high-density  infrared  detector 
arrays  have  been  developed  or  proposed. 

The  application  of  CCD  readout  and  signal 
processing  techniques  to  infrared  arrays 
promises  a new  generation  of  infrared  fo- 
cal plane  assemblies  with  significantly  im- 
proved performance  and  reduced  power  and 
weight  requirements.  Several  approaches 
for  the  integration  of  CCDs  and  infrared 
detectors  are  currently  under  development, 
including:  1)  hybrid  assemblies  of  conven- 
tional silicon  CCDs  and  infrared  detectors; 
2)  sandwich  structure  configurations, 
where  silicon  CCDs  and  infrared  detectors 
are  bonded  together  in  a planar  "sandwich" 
configuration  and  interconnected  using  ad- 
vanced lead  fabrication  techniques;  3)  mono- 


lithic silicon  devices  where  CCDs  are  fab- 
ricated on  appropriately  doped  silicon 
substrates,  and  extrinsic  photoconductivity 
is  employed  for  the  detection  mechanism; 
and  4)  monolithic  devices  fabricated  on  a 
narrow-band  semiconductor  material,  such 
as  InSb,  where  both  detectors  and  CCDs  or 
related  devices  for  readout  are  integrated 
in  the  same  material  and  intrinsic  photo- 
detection is  utilized.  This  fourth  concept 
is  the  objective  of  the  development  re- 
ported in  this  paper. 

♦Supported  in  part  by  NASA  Contracts 
NASI -12087  and  NASI -13163,  and  by 
DARPA  under  Contract  DAAK02-74-C- 
0241,  monitored  by  the  U.  S.  Army  Night 
Vision  Laboratory 
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A monolithic  infrared  imaging  device 
fabricated  in  the  appropriate  narrow-band 
semiconductor  represents  in  many  ways  the 
ultimate  solution  for  realizing  an  infrared 
imaging  device.  The  absorption  coefficient 
of  the  intrinsic  material  is  high;  therefore, 
high  quantum  efficiencies  can  be  realized. 
Further,  the  high  absorption  coefficient 
eliminates  crosstalk  effects  that  can  occur 
in  extrinsic  silicon  structures.  Higher 
permissible  operating  temperatures  are 
also  an  advantage  of  the  intrinsic  material 
approach,  which  can  be  critically  impor- 
tant in  many  space  and  tactical  applications 
where  cooling  to  lower  temperatures  is 
impractical. 
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InSb  was  selected  for  development 
based  on  the  relative  maturity  of  InSb  tech- 
nology compared  with  that  of  other  infrared 
detector  materials,  favorable  material  pa- 
rameters, and  a spectral  response  suitable 
for  a wide  range  of  potential  applications 
below  5.  4 pm.  Two  such  applications  are 
infrared  imaging  for  earth  resources  and 
planetary  missions.  A configuration  par- 
ticularly suited  to  these  applications  is  the 
charge-coupled  infrared  imaging  device 
(CCIRID),  which  would  combine  InSb  metal- 
insulator- semiconductor  (MIS)  detectors 
and  CCD  readout  registers  in  a two-dimen- 
sional array.  One  method  of  achieving  sig- 
nificant performance  improvements  is  to 
use  time  delay  and  integration  (TDI)  of  the 
infrared  signals  on  the  focal  plane,  1 uti- 
lizing InSb  CCDs  for  the  delay-and-add 
function.  The  possibility  of  achieving  TDI 
in  real  time,  within  the  imaging  device  it- 
self, is  an  important  feature  of  this  InSb 
technology  development  and  could  lower  fu- 
ture spacecraft  signal  processing  complex- 
ity. In  TDI,  the  signal-to-noise  ratio  is 
increased  by  the  factor  ^N,  with  no  increase 
in  bandwidth,  over  that  of  an  individual  de- 
tector element,  where  N is  the  number  of 
detector  elements  in  the  TDI  subarray. 

Since  the  performance  improvement  is  pro- 
portional to  the  square  root  of  subarray 
length,  relatively  small  gains  are  achieved 
by  using  numbers  of  detectors  greater  than 
about  30.  Therefore,  the  requirements  for 
an  InSb  CCD  to  perform  TDI  on  the  focal 


plane  are  not  severe,  in  that  the  number  of 
required  bits  is  small;  consequently,  trans- 
fer efficiency  need  not  be  exceptionally  high. 


To  successfully  produce  a monolithic 
InSb  infrared  imaging  device,  development 
of  a high  yield  MIS  technology  in  this  mate- 
rial is  required.  Current  status  of  InSb 
MIS  development  is  discussed  in  this  paper. 
A process  technology  for  producing  multi- 
layer metal-insulator  structures  on  InSb  is 
described  in  Section  II.  Section  III  de- 
scribes several  relevant  interface  proper- 
ties that  have  been  determined  from  the 
fabrication  of  InSb  MOSFETs  and  MIS  ca- 
pacitors. An  InSb  CCD  has  been  designed 
and  fabricated,  with  results  reported  in 
Section  IV.  Other  devices  for  infrared  ap- 
plications utilizing  MIS  structures  in  InSb 
are  described  in  Section  V. 


II.  DEVICE  FABRICATION 

A process  technology  has  been  dem- 
onstrated for  fabricating  multilayer  metal- 
insulator  structures  on  InSb.  This 
technology  has  enabled  InSb  CCDs,  multi- 
element MIS  detector  arrays,  MOSFETs, 
and  other  MIS  devices  to  be  fabricated  on 
this  infrared  semiconductor  material. 
Starting  material  for  device  fabrication  is 
single -crystal,  tellurium -doped  InSb^  with 
donor  concentration  of  4 X lo'^/cm^  to 
1 X lO^/cm^.  All  the  devices  reported  in 
this  paper  are  wafer-processed  using  stand- 
ard photolithographic  techniques.  The  wa- 
fers are  2.  5 to  3.  8 cm  in  diameter, 
yielding  approximately  80  to  120  chips  per 
wafer  for  a typical  die  size. 

Figure  1 shows  an  overall  view  of  one 
of  the  InSb  test  chips  processed  in  this  work. 
This  chip,  which  is  2.  4 mm  square,  con- 
tains a number  of  exploratory  devices  in- 
cluding; MIS  capacitors;  MOSFETs  of 
various  geometries;  test  devices  utilizing 
substrate  injection  readout,  including  a 
linear  and  an  area  array;  and  a four-phase 
(40),  overlapping -gate  CCD. 


32 


Figure  1.  InSb  MIS  Device  Chip 


The  fabrication  sequences  for  a 
MOSFET  and  a four-phase  CCD  are  useful 
to  illustrate  the  materials  that  have  been 
used.  A photomicrograph  of  an  InSb 
MOSFET  on  another  test  chip  is  shown  in 
Figure  2.  This  MOSFET  is  a closed-geom- 
etry device  with  a channel  length  L = 20  pm 
and  W/L  = 50.  W/L  on  other  devices  fab- 
ricated has  ranged  from  0.  3 to  100.  The 
MOSFET  source  and  drain  regions  are 
formed  by  cadmium  diffusion,  followed  by 
deposition  of  a gate  insulator  approximately 
1500  A thick.  Both  alumina  (AI2O3)  and 
silicon  monoxide  (SiO)  have  been  used  suc- 
cessfully as  gate  insulators  in  the  InSb  MIS 
devices  processed  in  this  laboratory.  The 
higher  dielectric  constant  (K  = 8)  of  the  for- 
mer is  advantageous  for  charge  storage  de- 
vices such  as  CCDs,  since  storage  capacity 
for  a given,  oxide  thickness  is  increased. 

The  AI2O3  is  deposited  by  electron-beam 
evaporation,  while  the  SiO  is  thermally- 
evaporated.  Evaporation  and  delineation  of 
the  gate  metal  and  subsequent  formation  of 
contacts  to  the  source  and  drain  regions 
complete  the  structure.  Aluminum  is  used 
for  the  metal  layers  on  AI2O3  devices.  Ti- 
tanium or  titanium-gold  metallizations-  are 
used  on  the  SiO  devices. 

A photomicrograph  of  a four-bit, 
four-phase  InSb  CCD  is  shown  in  Figure  3. 
Test  results  for  this  device  are  given  in 
Section  IV.  The  InSb  CCD  makes  use  of  an 


overlapping -gate,  stepped-oxide  structure. 
SiO  was  used  for  all  the  dielectric  layers  in 
the  structure.  Titanium  was  used  for  the 
channel  stop  and  buried  gate  metallizations, 
and  titanium-gold  for  the  surface  metal 
layer.  Three  insulator  levels  and  three 
metallizations  are  used  in  this  InSb  CCD  de- 
sign. A four-phase  clock  layout  was  used 
to  provide  maximum  flexibility  in  clocking 
the  device.  Due  to  the  present  unavailabil- 
ity of  a proven  process  to  either  implant  or 
diffuse  n+  layers  into  n-type  InSb,  a "chan- 
nel stop"  metallization  was  used  on  this  de- 
vice to  confine  the  charge  to  the  channel 
region.  This  channel  stop  metallization 
consists  of  a buried  gate  which  bounds  the 
CCD  channel,  deposited  on  top  of  the  gate 
insulator  (thin  oxide).  This  metallization 
is  in  turn  insulated  with  a thick  oxide, 
which  supports  the  bonding  pads  for  the  CCD 
gates.  By  appropriately  dc-biasing  the 
channel  stop  metallization  with  respect  to 
substrate,  the  surface  potential  in  the  re- 
gion surrounding  the  channel  may  be  inde- 
pendently controlled. 


Figure  2.  InSb  MOSFET  (W/L  = 50) 


The  CCD  of  Figure  3 has  a channel 
0.  94  mm  long  by  0.  20  mm  wide,  with  an  in- 
put and  output  diffusion  at  either  end  of  the 
channel.  The  device  has  an  overlapping 
pair  of  input  gates  to  provide  flexibility  for 
various  electrical  input  schemes.  The  CCD 
bit  length  is  200  |im.  The  gate  lengths  and 
other  dimensions  on  this  device  are  con- 
sequently larger  than  those  found  in  typical 
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silicon  CCDs.  The  combination  of  dimen-  111.  InSb  MOSFETs  AND  MIS  CAPACITOR 

sions,  tolerances,  and  multilayer  require-  MEASUREMENTS 

ments  of  the  CCD  was,  however,  heretofore 

unproven  on  InSb,  thereby  motivating  this  The  principal  test  structures  that  have 

conservative  first  mask  design.  A new  been  used  for  process  evaluation  and  meas- 

mask  set  currently  being  processed  incor-  urement  of  MIS  characteristics  are  InSb 

porates  25-pm  gate  lengths;  future  designs  MOSFETs  and  MIS  capacitor  structures, 

will  incorporate  13-pm  or  less  gate  lengths.  These  devices  have  been  included  on  each 

Fabrication  of  a nine -bit  linear  imager  with  CCD  chip  design  that  has  been  produced, 

lateral  transfer  from  MIS  detectors  into  a 

CCD  readout  register  is  also  underway  at  The  MOSFETs  generally  follow  ideal 

the  present  time.  FET  behavior,  with  square -law  and  linear 

characteristics  in  the  saturation  and  low- 
Figure  4 shows  a scanning  electron  drain-voltage  regions,  respectively.  An 

micrograph  of  one  section  of  the  four-bit  output  characteristic  for  an  InSb  MOSFET 

InSb  CCD.  This  photograph  clearly  illus-  with  A1203  insulator  is  shown  in  Figure  5. 

trates  the  delineation  capability  that  has  These  characteristics  and  all  other  data 

been  achieved  on  these  devices.  presented  in  this  paper  were  obtained  at 

77°K.  The  A^Oj-InSb  FETs  operate  as  p- 
channel,  enhancement-mode  devices  with  a 


threshold  voltage  of  about  -5  volts.  Thresh 
old  voltages  of  the  SiO  devices  are  similar. 


Figure  5.  InSb  MOSFET  Output 
Characteristics 


The  effective  inversion  layer  mobility 
of  holes  may  be  determined  from  a measure 
ment  of  the  channel  conductance  gp  = 6lj-j / 
6Vp  in  the  linear  region.  A plot  of  gp  ver- 
sus (Vq  - V-p)  should  be  linear  in  the  ideal 
case  with  slope  0 = (W/L)  C0p*p  where  CQ 
is  the  insulator  capacitance  per  unit  area 
and  p*  is  the  effective  hole  mobility. 


Detail  of  Four -Phase  InSb  CCD 
(200X  SEM,  Backscatter  Mode) 


Curve  A in  Figure  6 shows  a plot  of  this 
type  for  the  device  of  Figure  5.  An  effec- 
tive mobility  of  about  500  cm2/volt-sec  is 
obtained.  Curve  B in  Figure  6 shows  a 
similar  plot  for  an  SiO-insulator  InSb 
MOSFET,  with  a typical  value  of  mobility 
observed  with  this  dielectric  material.  The 
observed  effective  mobilities  are  compara- 
ble to  silicon  MOS  devices;  consequently, 
these  InSb  transistors  display  the  same 
transconductances  as  silicon  MOSFETs  of 
the  same  geometry.  As  a result,  charge 
transfer  in  an  InSb  CCD  will  be  comparable 
to  that  of  a silicon  CCD,  of  similar  geom- 
etry, if  other  factors  such  as  interface 
state  density  are  also  comparable. 


T = 77°K 
W/L  = 30 

Figure  6.  InSb  MOSFET  Channel 

Conductance  in  Linear  Region 
Versus  Gate  Voltage 


Pulsed  MIS  capacitor  (C-t)  measure- 
ments have  been  used  to  investigate  the  non- 
equilibrium characteristics  of  the  InSb  MIS 
samples.  The  storage  time  is  a particu- 
larly important  parameter  for  charge 


transfer  devices.  Since  the  pulsed  MIS 
capacitor  measurement  is  sensitive  to  mi- 
nority carrier  generation  from  all  sources, 
a 0°  FOV  (dark)  storage  time  test  is  an  ef- 
fective measure  of  overall  device  quality. 
The  dark  current  is  given  approximately 
by^ 


= q“i 


'niLp  Wd  s\ 

ND'p  + *rp  + l) 


where  the  first  term  is  the  leakage  current 
due  to  minority  carriers  generated  in  the 
neutral  bulk  which  diffuse  to  the  surface  de- 
pletion region,  the  second  due  to  carriers 
generated  in  the  depletion  region  of  width 
Wd,  and  the  third  due  to  generation  at  the 
surface  with  surface  generation  velocity  s. 
nj  is  the  intrinsic  carrier  concentration, 

Nd  the  impurity  concentration,  Lp  the  dif- 
fusion length,  and  Tp  the  minority  carrier 
lifetime.  The  storage  time  Ts  is  propor- 
tional to  the  charge  capacity  and  inversely 
related  to  the  average  dark  current;  i.  e. , 

Ts  - CoA0s/Jq  where  A0S  is  the  difference 
in  full  and  empty  well  surface  potentials. 
Using  the  representative  77°K  values: 

Nj)  = 10l5/cm3 

nj  = 2.  7 X 10^ /cm2 

Tp  = 0.  1 psec 

Pp  = 9 X 102  cm2 /volt- sec 

Lp  = 25  pm 

f8  =1.5  pf/cm 

CQ  = 3 X 10-8  f/cm2 

A0S  = 2.  5 volts 

the  estimated  dark  current  components  at 
77°K  are: 

J (diffusion)  0.  03  na/cm2 

J (depletion  region)  300  na/cm^,  average 

J (surface)  (0.  2)  (s)  na/cm2 


where  s is  in  units  of  cm/sec.  The  genera- 
tion in  the  depletion  region  clearly  domi- 
nates the  diffusion  component  at  this 
temperature,  similar  to  the  InSb  p+-n  pho- 
todiode case.  For  sufficiently  low  s,  the 
expected  bulk-limited  storage  time  is  on 
the  order  of  0.  25  sec. 
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are,  however,  more  than  adequate  for 
moderate  clock  frequencies  and  the  CCD 
applications  considered  for  these  devices. 


jr  1 1 


Experimentally,  InSb  MIS  storage 
times  of  up  to  0.  5 sec  have  been  measured 
at  77°K.  Figure  7 shows  the  measured 
small- signal  capacitance  of  an  InSb  MIS 
sample  in  response  to  a - 5V  step  on  the 
gate.  The  observed  storage  time  for  this 
sample  is  about  0.  4 to  0.  5 sec.  By  the 
above  calculation,  this  magnitude  of  storage 
time  indicates  that  the  dark  current  is  dom- 
inated by  bulk  rather  than  surface  genera- 
tion centers.  To  investigate  this  further, 
a modified  Zerbst  model*'  ® was  used  to 
analyze  the  C-t  data  for  several  samples. 

A Zerbst  plot  tests  the  relationship  between 
the  inversion  layer  formation  rate  and  the 
depletion  region  width.  A linear  region  on 
the  plot  corresponds  to  bulk  generation, 
where  the  time  rate  of  change  of  the  inver- 
sion layer  density  is  given  by  dp8/dt  = 
ni  (Wd  - Wdf)/Tg5.  In  this  expression,  Wd 
is  the  depletion  region  width  at  a given  time, 
Wdf  its  final  value,  and  Tg'  the  effective 
generation  lifetime.  Tg'  is  obtained  from 
the  slope  of  the  linear  region  and  Tg,  the 
bulk  generation  lifetime,  is  extracted  from 
the  result.  When  the  C-t  response  is  pri- 
marily surface -dominated,  the  Zerbst  plot 
is  markedly  nonlinear  over  its  entirety. 
Figure  8 shows  such  plots  for  two  InSb  MIS 
samples.  Curve  A is  for  the  C-t  trace  of 
Figure  7;  Curve  B is  a plot  for  another 
sample  with  twice  the  substrate  impurity 
concentration.  The  linearity  of  the  plots 
corroborates  the  conclusion  drawn  from  the 
storage  time  magnitude  that  the  C-t  re- 
sponse is  bulk  dominated.  From  the  slopes 
of  the  curves,  a bulk  generation  lifetime  of 
about  0.2  psec  is  obtained  for  both  samples. 
Relating  this  result  to  hole  lifetime  requires 
more  detailed  knowledge  of  the  generation 
centers;  for  the  case  of  equal  electron  and 
hole  lifetimes  and  generation  centers  at 
midgap,  Tp  a:  Tg/2  » 0.  1 psec.  From  the 
intercept  of'the  Zerbst  plot,  the  surface 
generation  velocity  s may  also  be  calculated; 
the  result  is  typically  20  cm/sec  or  lower. 

The  bulk  limited  dark  current  ob- 
served in  InSb  at  77°K  contrasts  to  the  room 
temperature  silicon  case,  where  surface 
generation  normally  dominates.  This  is 
due  to  the  longer  lifetimes  in  the  latter  ma- 
terial. The  measured  InSb  storage  times 


0.  1 sec/div 


T = 77°K,  0°  FOV 
Signal  Frequency  = 10  kHz 
Pulse  Voltage  = -5V 

Figure  7.  Storage  Time  of  InSb  MIS 
Sample 


T = 77°K,  0°  FOV 

(A) :  Nd  = 5 X 1014  cm'3 

Pulse  Voltage  = -5V 

(B) :  ND  = lX  lO*5  cm'3 

Pulse  Voltage  = -4V 

Figure  8.  Thermal  Generation  Parameters 
from  Pulsed  InSb  MIS  Device 
Transients 
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The  MIS  conductance  technique^  has 
been  used  to  determine  interface  state  den- 
sity using  InSb  MIS  capacitors.  Represent- 
ative curves  of  equivalent  parallel 
conductance  G_/w  versus  frequency  ob- 
tained by  this  technique  are  shown  in  Fig- 
ure 9,  for  two  values  of  gate  bias.  For 
both  curves  (A)  and  (B),  the  sample  is 
biased  such  that  the  surface  is  depleted. 

The  data  were  fitted  reasonably  well  by  the 
equivalent  parallel  conductance  for  an  in- 
terface state  continuum  (broken  curves  in 
Figure  9).  A deviation  from  the  theoretical 
curve  is  observed  at  low  frequencies  due  to 
the  influence  of  minority  carrier  transitions, 
in  addition  to  the  majority  carrier  transi- 
tions on  which  this  model  is  based.  The 
minority  carrier  response,  usually  negli- 
gible in  silicon  devices,  appears  at  low 
frequencies  in  InSb  due  to  higher  generation- 
recombination  rates.  Using  Nss  = 2.  5 
(Gp/<*>)j^/q,  the  interface  state  density  was 
calculated  from  the  peak  value  (Gp/«)M  of 
the  equivalent  parallel  conductance  curve. 
From  curve  (A),  an  Nsg  = 1.4  XlO  / 
cm^-eV  is  obtained,  while  curve  (B)  yields, 
for  Ns9  near  midband,  a value  6.  2 X 10  / 

cm^-eV.  The  results  of  conductance  meas- 
urements agree  with  densities  as  determined 
by  a high-frequency  capacitance -voltage 
technique. 


Figure  9.  Equivalent  Parallel  Conductance 
Versus  Frequency  for  InSb  MIS 
Sample 


IV.  InSb  CCDs 


The  40  overlapping -gate  InSb  CCD 
(Figure  3)  has  been  successfully  operated 
with  three  different  clocking  modes.  These 
modes  are:  (a)  conventional  40  clocking; 

(b)  40  clocking  with  storage  only  under  the 
buried  gates;  and  (c)  simulated  20  clocking. 
Mode  (a)  results  in  four  transfers  per  bit 
while  both  modes  (b)  and  (c)  produce  two 
transfers  per  bit.  Electrical  input  was 
achieved  by  several  techniques:  the  signal 
was  applied  to  one  of  the  input  gates  or  in- 
put diffusion,  with  the  other  two  input  ter- 
minals appropriately  biased.  The  device 
output  was  obtained  through  use  of  the  con- 
ventional precharge  (or  reset)  circuit, 
except  that  the  output  circuit  elements,  with 
exception  of  the  output  diode,  were  not 
integrated  on-chip  as  is  the  case  in  most 
silicon  CCD  structures.  The  circuit  was 
built  up  in  discrete  form  using  silicon  FETs 
and  interconnected  to  the  InSb  output  diode 
by  means  of  wire  bonding.  This  resulted  in 
a functioning  circuit  sufficient  to  observe 
device  operation,  but  the  large  output  cir- 
cuit capacitances  resulted  in  a low  output 
responsivity  (15  mv/pC)  and  increased  re- 
set clock  feedthrough. 

Figure  10  shows  input  and  output 
waveforms  for  the  four-bit  CCD  clocked  at 
5 kHz,  with  a sine  wave  input  signal.  The 
simulated  20  clock  mode  (c)  was  used  in 
this  case,  and  the  signal  was  applied  to  the 
buried  input  gate.  Input  and  output  wave- 
forms using  clock  mode  (a)  and  a square - 
wave  input  are  shown  in  Figure  11.  (Note 
that  the  output  waveform  is  inverted  with 
respect  to  the  input  waveform  on  all  oscil- 
loscope photographs.  ) 

Measurement  of  the  transfer  efficiency 
for  the  device  was  carried  out  in  all  three 
clocking  modes.  The  results  for  the  effi- 
ciency per  transfer  T ),  at  a clock  frequency 
of  5 kHz,  ranged  from  tj  = 0.  82  to  0.  92  de- 
pending on  the  clock  mode,  fat  zero  level, 
and  measurement  technique  used.  The  best 
measured  efficiencies  were  obtained  for 
those  devices  operated  in  mode  (a),  but  the 
results  for  the  other  modes  were  not  sig- 
nificantly different.  For  simplicity,  only 
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the  40  clock  results  are  discussed  here. 

Two  principal  methods  were  used  in  com- 
puting the  transfer  efficiency  from  the  out- 
put data.  In  method  (1),  the  magnitudes  (B) 
of  the  first  output  pulse  and  the  maximum 
value  (A)  of  the  signal  output  were  measured. 
TJ  was  then  computed  from  TJ  = (B/A)l/  , 
where  N is  the  number  of  transfers.  For 
mode  (a),  four  transfers  per  bit  result  in 
N = 16.  Method  (2)  utilized  the  sum  of  the 
charge  deficits  in  the  leading  signal  outputs 
(Sl)  or  the  sum  of  the  trailing  signals  (Sj) 
to  estimate  the  efficiency.  In  this  approach, 
the  sums  are  related  to  the  inefficiency  f by: 

By  measuring  either  Sj,  or  Sy  and  inverting, 
the  inefficiency  f (tj  = 1 - c)  may  be  readily 
computed. 


methods  yield  slightly  different  results,  an 
average  of  several  measurements  showed 
that  TJ  - 0.  90  was  typical  of  the  device  when 
operating  in  the  conventional  40  clock  mode. 


(a)  1 ms/div 


500  mv 


2 ms/div 

fc  = 5 kHz 
Clock  Mode  (c) 

0INB 

T = 77°K,  0°  FOV 

Figure  10.  InSb  CCD  Output  Waveform 


In  Figure  11(a),  the  device  was  oper- 
ated without  a fat  zero  while  in  Figure  11(b) 
a fat  zero  of  approximately  50%  of  satura- 
tion was  used.  From  the  output  signal  of 
Figure  11(a),  the  efficiency  per  transfer  is 
computed  as  tj  0.  886  ± 0.  006  using  method 
(1),  while  application  of  method  (2)  yields 
Tj  2:  0.  854  1 0.  01.  Similarly,  the  results 
with  fat  zero  (Figure  11(b)]  are  tj  = 0.  919  ± 
0.  009  as  determined  by  method  (1 ) and  tj  = 
0.  880  ± 0.  01  using  the  leading  and  trailing 
sum  approach.  Although  the  alternate 


(b)  1 ms/div 

fc  = 5 kHz 
0INB 

Figure  11.  Output  Waveform, 

Clock  Mode  (a) 

The  two  principal  mechanisms  which 
limit  the  transfer  efficiency  of  the  InSb  de- 
vice are  the  lengths  of  the  CCD  gates  and 
the  interface  state  density.  As  mentioned 
in  Section  H,  long  gates  were  used  on  these 
devices  because  of  processing  uncertainties 
on  this  first  mask  set.  Computer  calcula- 
tions, based  on  a two-dimensional  model 
with  50-pm  gates,  predict  a negligible  tan- 
gential field  in  the  gate  centers  and  a field 
of  approximately  1000  v/cm  at  the  gate 
edges.  For  this  gate  length,  therefore,  the 
fringe  field  coupling  between  the  gates  is 
small.  As  a result  of  these  small  fields, 
the  transfer  through  the  device  relies  prin- 
cipally on  diffusion. 


The  gate  length  also  increases  the 
impact  of  interface  states  on  the  device  ef- 
ficiency. To  examine  this  dependence,  the 
effects  of  interface  states  were  treated 
using  the  model  proposed  by  Lee  and  Hel- 
ler. • The  basic  assumptions  of  this  model 
are  instantaneous  charge  redistribution 
during  the  transfer  period  and  the  use  of  an 
effective  time  constant  (Ts)  to  describe  the 
effects  of  interface  states.  Using  the  Lee 
and  Heller  model,  the  constant  Ta  was  de- 
termined by  fitting  the  model  predictions  of 
transfer  efficiency  to  rj  - 0.  90,  the  meas- 
ured value  for  the  present  InSb  structure  at 
5 kHz.  Assuming  the  same  clock  rate  and 
conventional  40  operation,  the  efficiencies 
predicted  for  future  devices  with  various 
gate  lengths  were  calculated.  The  results 
are  shown  in  Table  1.  The  well  depth  used 
in  the  calculation  is  also  shown  in  Table  1. 

It  represents  the  ratio  of  the  charge  stored 
to  the  capacitance  of  the  storage  well.  The 
well  depth  observed  in  operating  the  present 
device  was  =:  0.  5 volt,  so  this  value  was 
used  in  fitting  the  measured  efficiency.  For 
the  remaining  cases  of  25-pm,  13-pm  and 
7.  5-pm  gate  lengths,  a well  depth  of  2 volts 
was  assumed,  since  this  value  has  been  ob- 
served on  InSb  discrete  devices  and  is  ex- 
pected to  be  realized  on  future  CCD 
structures.  A significant  decrease  in  in- 
terface state  loss  with  decreasing  gate 
length  is  evident  in  the  Table. 


Table  1.  Calculated  Transfer  Efficiency 

Versus  Gate  Length  for  InSb  CCD 


GATE 

LENGTH 

WELL 

DEPTH 

INTERFACE 

STATE 

EFFICIENCY 

W 

(pm) 

(volts) 

LOSS 

50 

0.5 

9. 36xl0-2 

0.90 

25 

2.0 

9.64x10-3 

2.51x10'* 

0.990 

13 

2.0 

0.997 

75 

2.0 

9. 11  x 10'4 

0.999 

fc  * 5 kHZ;  Tc 

* 5 x 10"6  sec; 

NO  FRINGE  FIELD;  4* CLOCK  MODE  (a) 

In  summary,  CCD  operation  has  been 
achieved  on  an  InSb  substrate.  Analysis  of 
the  device  structure  indicates  that  the 
transfer  efficiency  is  limited  by  the  gate 
length  as  well  as  by  interface  state  trapping. 
From  Table  1,  an  efficiency  of  T}  = 0.  99  or 
better  is  predicted,  even  with  the  present 
interface  state  density,  for  InSb  CCDs  with 
gate  lengths  of  25  pm  or  less.  Although 
these  predictions  are  necessarily  qualitative, 
they  represent  reasonable  extrapolations 
from  the  performance  of  the  first  devices 
reported  here.  Further,  fringe  field  cou- 
pling will  also  enhance  transfer  in  future 
devices  with  decreased  gate  lengths,  an  ef- 
fect which  has  not  been  included  in  the  cal- 
culations leading  to  Table  1.  The  efficiency 
values  projected  in  the  Table  will  be  more 
than  adequate  for  a number  of  system  ap- 
plications o^, these  InSb  CCDs.  Investigation 
of  processing  variations  to  reduce  interface 
state  densities  is  also  continuing,  and  future 
improvements  are  anticipated. 

V.  InSb  MIS  DETECTOR  ARRAYS 

Other  devices  for  infrared  applica- 
tions utilizing  MIS  structures  in  InSb  have 
been  fabricated.  The  interface  properties 
and  multilevel  structure  capabilities  dem- 
onstrated in  the  InSb  CCDs  are  also  appli- 
cable to  the  fabrication  of  MIS  detector 
arrays  using  approaches  other  than  CCDs 
for  readout.  Two  such  techniques  are  the 
detection  of  signal  charge  by  sensing  volt- 
age change  on  an  element  or  line  capaci- 
tance, or  the  injection  of  signal  charge  into 
the  substrate  and  detection  of  the  displace- 
ment current  by  various  circuit  approaches. 

Single -element  InSb  MIS  detectors 
utilizing  substrate  injection  readout  were 
fabricated  and  tested  prior  to  processing  of 
multielement  arrays.  The  single -element 
device  has  a 125- pm  square  active  area  de- 
fined by  a semitransparent  titanium  gate 
approximately  50  A thick.  Infrared  testing 
was  accomplished  using  chopped  blackbody 
radiation  input  and  a cold  FOV  restriction 
to  reduce  background  photon  flux  to  2 X 101 
photons/sec-cm^,  a typical  level  for  a 3- 
to  5-pm  infrared  system.  Figure  12  shows 


39 


(or  unit  cell)  of  the  array  consists  of  a pair 
of  overlapping  transparent  gates:  an  X gate 
on  the  buried  metal  level,  and  a Y gate  of 
equal  area  on  the  surface  metal  level.  Each 
gate  is  125  X 125  pm.  The  X gates  are  in- 
terconnected with  a buried  metal  clock  line, 
terminating  in  a bonding  pad  which  is  posi- 
tioned over  a channel  stop  or  ground  plane 
metallization  and  its  associated  thick  oxide. 
This  latter  metallization  level  ensures  that 
no  infrared  sensitivity  or  other  spurious 
effects  are  obtained  in  the  bonding  pad  re- 
gion. In  a full  two-dimensional  array  of 
these  devices,  the  Y gates  would  be  simi- 
larly interconnected  by  a pattern  of  clock 
lines  (on  the  surface  metal  level)  at  right 
angles  to  the  X clock  lines.  On  this  linear 
array,  the  Y lines  were  eliminated  and 
contact  was  made  directly  to  the  Y gates  by 
wire  bonding. 


the  dependence  of  output  signal  on  integra- 
tion time  for  a representative  device,  for  a 
constant  incident  blackbody  irradiance.  The 
output  signal  is  approximately  linear  with 
integration  time  as  expected  for  an  inte- 
grating detector,  until  a saturation  point  is 
reached  which  is  dependent  on  the  total  in- 
cident photon  flux  and  the  storage  capacity 
of  the  device.  For  the  example  shown  in 
Figure  12,  saturation  occurs  at  about 
1 msec,  consistent  with  the  background  flux 
and  clock  level  used.  The  MIS  detector 
shows  the  typical  InSb  spectral  response, 
identical  to  that  of  a photovoltaic  InSb  de- 
tector, Relative  response  per  photon  is 
nearly  flat  over  the  spectral  band  charac- 
teristic of  an  ideal  quantum  detector,  with 
the  intrinsic  InSb  cutoff  at  5.  4 pm. 


Figure  13.  5-Element  InSb  MIS  Detector 
Array 


Tbb  = 500°K 

(rms)  = 7.  1 X 10'^  watts/cm^ 
T = 77°K 

!g  = 2 X 1014  phot/sec  cm^ 

An  = 1. 6 X 10‘4  cm^ 


The  correct  mode  of  operation  of  the 
unit  cells  in  the  linear  arrays  has  been  ob- 
served; i.  e.,  the  transfer  of  stored  charge 
from  the  X gates  to  the  Y gates  and  subse- 
quent charge  injection  readout  has  been  ob- 
tained. A clear  demonstration  of  unit  cell 
operation  was  obtained  by  infrared  spot 
scanning  of  the  device.  Figure  14  shows  a 
contour  plot  of  one  unit  cell  of  a five -ele- 
ment array.  In  Figure  14,  both  X and  Y 
clocks  are  running,  and  the  full  125  X 125  pm 
area  is  photosensitive  as  shown.  In  Fig- 
ure 14(B),  the  X gate  is  grounded,  disa- 
bling this  half  of  the  cell,  as  confirmed  by 


Figure  12.  Output  Signal  Versus  Integration 
Time  for  InSb  MIS  Detector 


Five-element  MIS  detector  arrays 
also  have  been  designed  and  fabricated;  one 
such  array  is  shown  in  Figure  13.  Device 
processing  techniques  are  similar  to  those 
used  in  the  InSb  CCDs:  insulator  layers  are 
SiO;  all  metal  levels,  including  the  trans- 
parent gates,  are  titanium.  Each  element 


the  resulting  spot  scan.  Spectral  response 
and  other  characteristics  of  the  arrays  are 
similar  to  those  of  the  single -element 
devices. 


IAI  X AND  Y 
CLOCKS 
RUNNING 


IB)  X CLOCK  OFF 
Y CLOCK 
RUNNING 


APPROXIMATE 
SPOT  SIZE 


Tint  = 200  ^sec 

T = 77°K 

Qg  = 2 X 10*4  phot/sec  cm2 
f/6  Objective 

Figure  14.  Spot  Scan  of  InSb  MIS  Array 
Unit  CeU 


VI.  CONCLUSIONS 

An  InSb  MIS  technology  for  the  fabri- 
cation of  monolithic  InSb  infrared  imaging 
devices  is  under  development.  The  insula- 
tor-InSb  interface  properties  as  determined 
from  MOSFET  and  MIS  capacitor  structures 
have  been  found  to  be  favorable  for  the  fab- 
rication of  CCDs  and  other  charge  storage 
devices  in  this  material.  A process  tech- 
nology for  producing  the  required  multi- 
layer metal-insulator  structures  on  InSb 
also  has  been  demonstrated,  a second  re- 
quirement for  realization  of  the  monolithic 
infrared  imaging  device.  Third,  the  prin- 
cipal component  of  a CCIRID,  an  InSb 
charge -coupled  device,  has  been  fabricated 
and  successfully  operated.  Finally,  InSb 
MIS  detectors  have  been  produced  which  are 
suitable  for  fabrication  of  two-dimensional 
arrays  using  other  approaches  for  readout. 
The  demonstration  of  charge  coupling  in 
InSb  offers  the  potential  of  a future  genera- 
tion of  1-  to  5 -pm  monolithic  infrared  imag- 
ing devices  with  significant  reduction  in 


focal  plane  assembly  complexity,  reduced 
sensor  power  and  weight  requirements,  and 
improved  performance. 
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ABSTRACT  The  performance  of  a burled  channel  CCD  multiplexer  with  forty  floating  dif- 
fusion Inputs  2 Is  described.  Features  Include:  (1)  Single-stage,  low  noise  preampli- 
fiers fabricated  on  the  CCD  chip  and  Interfaced  with  each  Input  at  a nominal  power  of 
25  tiW  per  channel;  (2)  ac  coupling  between  preamps  and  CCD  on  the  monolith  with  low 
frequency  response  adequate  for  slow  scan  FL1R  applications;  (3)  CCD  Input  bias  maintained 
by  periodic  reset  (dc  restore)  with  measured  sag  rate  of  166  pV  In  8.3  msec.;  (A)  anti- 
aliasing characteristics  of  the  combined  preamp-CCD  Input  measured  to  be  excellent  and 
adequate  for  FLIR  applications. 

Overall  ac  dynamic  range  of  50  dB  was  measured.  Ac  coupling  suppressed  by  20  dB  dc 
Input  variations  such  as  would  result  In  a direct  coupled  system  from  average  background 
temperature  changes,  detector  bias  non-unlformltles,  and  cold  finger  temperature  fluctua- 
tions. Frequency  response  data  on  ac  coupling  circuitry  Is  presented.  Channel-to-channel 
crosstalk  due  to  CCD  CTE  was  measured  to  be  less  than  -40dB  at  the  4 MHz  output  data  rate. 

I.  INTRODUCTION 

Charge  coupled  devices  (CCD's)  have  been  (2)  The  dynamic  range  requirements  at  the 

recognized  as  a potential  means  of  perform-  detectors  (focal  plane)  Is  severe  In  8 to 

lng  signal  processing  functions  in  HgCdTe  14  pm  systems  because  of  ambient  background 

FLIR  systems,  for  example:  multiplexing,  variations,  detector  non-uniformities,  and 

delay-and-add , data  storage,  and  scan  con-  "cold-finger"  temperature  fluctuations.  In 

version.  In  recent  months,  increasing  addition  to  the  variations  in  irradlance 

Interest  has  been  directed  toward  Integra-  associated  with  the  viewed  scene.  Non- 

tlon  onto  the  same  monolith  of,  not  only  uniform  response  to  the  background  also 

the  CCD's  and  their  driver  electronics,  but  represents  coherent  or  "fixed  pattern" 

also  the  interface  circuitry  between  the  noise  at  the  detector  array  which  Is  large 

HgCdTe  detectors  and  the  inputs  to  the  CCDs.  relative  to  "signal"  because  of  the  low 

Total  Integration  of  the  Interface  clrcui-  contrast  in  real  scenes, 

try  would  make  placement  of  the  signal 

processing  electronics  on  the  focal  plane  (3)  The  charge  transfer  Inefficiency  (CTI) 

an  option  available  to  the  system  designer.  of  a CCD  Is  a potential  source  of  image 

MTF  degradation,  an  effect  which  In  a mul- 
A number  of  requirements  on  the  CCD  and  its  tiplexer  system  is  referred  to  as  channel- 
interface  circuitry  in  an  0.1  eV  HgCdTe  to-channel  crosstalk, 

system  result  from  characteristics  cotmon 

to  many  IR  detector-array  systems.  Techniques  to  circumvent  the  first  two 

problems  outside  the  detector/dewar  are 
(1)  The  detector  noise  bandwidth  exceeds  relatively  straightforward;  for  example: 

the  required  video  bandwidth,  a condition  RC  filtering  and  ac  coupling.  However,  the 

that  can  produce  undesirable  aliasing  of  large  coupling  capacitors,  necessary  for 

high  frequency  noise  In  a sample-data  low  frequency  response  as  well  as  for  band- 

system.  limiting  of  detector  noise,  are  not 
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compatible  with  either  monolithic  integra- 
tion or  physical  placement  within  the  dewar. 
The  device  described  in  this  paper  is  a 40 
input  burled  channel  multiplexer  designed 
specifically  for  compatibility  with  slow 
scan  FLIR  applications.  It  Incorporates 
input  circuitry  which,  together  with  its  low 
CTI,  represents  viable  solutions  to  the 
three  problems  listed  above. 

II.  MULTIPLEXER  DESIGN 

A.  Buried  Channel  CCD  for  Basic  Shift 
Register 

The  basic  functional  design  of  the  40  input 
multiplexer  is  illustrated  in  block  dia- 
gram form  in  Figure  1.  The  nucleus  of  the 
multiplexer  is  a 40-stage  four-phase  poly- 
Sl/Al  shift  register  fabricated  by  conven- 
tional ion-implant  burled-channel  process- 
ing. Simultaneous  parallel  inputs  are  made 
to  each  stage  via  40  floating  diffusion 
Inputs  *»  2 each  of  which  is  preceded  by  a 
single  stage  MOSFET  preamp  which  is  ac 
coupled  to  the  control  gate  of  the  floating 
diffusion  input.  A more  detailed  schematic 
is  shown  in  Figure  2.  The  floating  dif- 
fusion inputs  and  preamplifiers  were  masked 
from  the  ion  Implant  to  maintain  surface 
channel  characteristics. 

The  interchannel  crosstalk  due  to  charge 
transfer  inefficiency,  ICR,  is  defined  as 
the  ratio  of  the  amount  of  charge  that  is 
lost  into  the  primary  packet  by  other  charge 
packets  to  that  of  the  primary  charge 
packet  when  measured  at  the  output.  Since 
inputs  are  made  to  every  stage,  the  inter- 
channel  crosstalk  can  be  written  as 

ICR  -kt  + flee] 2 
2! 

where  the  first  term  is  due  to  the  charge 
packet  initially  at  position  k - 1 and  the 
second  term  is  due  to  the  charge  packet 
initially  at  position  k - 2.  Epsilon,  e, 
here  denotes  the  fractional  loss  per  stage 
and  is  equal  to  the  loss  per  transfer,  CTI, 
times  the  number  of  phases. 

B.  The  Floating  Diffusion  Input  as  an  Anti- 
Aliasing  Filter 

The  structure  of  the  floating  diffusion  (FD) 
input  is  shown  in  Figure  3.  In  simple  terms, 
the  technique  involves  first  Betting  the 
intermediate  node  to  a voltage  dependent  on 
the  signal  voltage  applied  to  the  first 
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transfer  electrode,  then  setting  it  to  a 
second  level  dependent  on  a reference  pulse 
applied  to  the  second  transfer  electrode. 

The  second  process  is  accomplished  through 
transfer  of  charge  into  the  receiving  CCD 
well;  as  such,  the  charge  Introduced  is 
derived  from  the  difference  in  the  two  pre- 
set levels  multiplied  by  the  capacitance 
of  the  floating  node  and  is  insensitive  to 
threshold  voltage  (Vy)  to  the  extent  that 
Vy  is  the  same  under  the  closely  spaced 
electrodes. 4 The  noise  characteristics  of 
this  input  are  known  to  be  approximately 
described  by  kTC.2'  5 

The  first  process  in  the  two  step  sampling 
operation  of  the  floating  diffusion  input 
is  essentially  the  "fill-and-spill"  or 
"potential  equilibration"  7 » ° pro- 

cedure applied  to  a diffusion  instead  of  a 
CCD  or  MIS  node.  This  process  is  initiated 
by  pulsing  the  input  diode  negatively  (for 
an  N channel  CCD)  to  Introduce  excess 
charge  onto  the  diffused  node  and  then 
returning  it  to  a high  positive  value  to 
extract  charge  from  the  node  while  the 
channel  current  is  controlled  by  the  sig- 
nal voltage  applied  to  the  input  gate  (Vgj) . 
The  process  is  terminated  by  the  pulsing 
of  the  second  gate,  which,  for  a multiplexer, 
is  the  serial-parallel  transfer  electrode. 

It  can  be  shown  that  for  noise,  the  time 
Interval  associated  with  the  first  pro- 
cess constitutes  an  effective  Integration 
time,  t,  and  the  input  acts  to  band  limit 
the  noise.  ’ 0 Details  of  this  analysis 

are  contained  in  another  paper  at  this 
conference  listed  here  as  reference 
The  band-limiting  effect  approaches  the 
slnX/X  of  an  ideal  integrator  where 
X “ xTc/t  and  Tc  is  the  reciprocal  of  the 
input  data  rate. 

C.  Monolithic  AC  Coupled  Preamplifier  for 
Background  Suppression 

Because  of  the  impracticality  of  intro- 
ducing large  discrete  coupling  capacitors 
into  the  dewar,  focal  plane  processing  of 
HgCdTe  photoconductor  signal  is  usually 
associated  with  a direct-coupled  system. 

The  severe  dynamic  range  requirements  on 
the  CCD  and  any  interface  circuitry  due  to 
background  radiation,  together  with  the 
"fixed  pattern"  noise,  were  identified  in 
Section  I.  Because  of  the  very  high  im- 
pedance associated  with  the  gate  of  a 
monolithic  MOSFET,  however,  it  becomes 
feasible  to  achieve  acceptable  low-frequency 
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tine  constants  allowing  ac  coupling  on- 
chip.  A proposed  structure,  shown  In  Fig- 
ure 4,  relies  on  periodic  reset  techniques 
to  maintain  bias  stability.  System  consid- 
erations for  the  reset  are  slmillar  to 
those  associated  with  dc  restore  techniques 
In  FLIR  systems.  One  might  set  the  dc  bias 
level  prior  to  each  sweep  of  the  IR  scan 
mirror  and  then  allow  ac  variations  about 
this  dc  level;  therefore,  it  Is  desirable 
for  this  level  to  change  less  than,  say, 
several  gray  shades;  for  the  30  frame-per- 
second  2:1  interlace  FLIR  with  nominal  , 
gain  between  detector  and  this  point  of 
1500,  the  required  sag  Is  300  yV  in  8.3 
msec  assuming  501  scan  efficiency.  From  a 
design  standpoint,  a capacitor  value  of 
2 pF  Is  required  based  on  a diode  leakage 
current  of  10  nA/cnr  and  a typical  source 
drain  diffusion  area  of  4 x 1(H>  cm  . 

This  value  Is  the  total  capacitance  to 
ground  of  the  Input  node;  that  Is,  C Is 
Ccouple  (Fig  4)  in  parallel  with  the  FD 
Input  gate  capacity,  the  M0S  reset  drain 
capacity  and  the  stray  capacity.  We  select- 
ed Ccouple  “ 2 pF  and  had  planned  to  hold 
other  capacities  £ 0.2  pF  to  avoid  atten- 
uation In  a capacitive  voltage  divider. 

In  the  final  design,  a preamplifier  with  a 
design  gain  of  six  preceded  the  coupling 
capacitor.  An  overall  gain  of  at  least 
four  between  preamp  Input  and  FD  Input  gate 
was  desired  after  the  divider  attenuation 
mentioned  In  the  preceding  paragraph.  The 
preamplifiers  were  of  a single  stage  M0SFET 
design,  as  shown  in  Figure  2,  where  the 
W/L  ratio  of  the  drain  load  M0SFET  was 
planned  to  be  1/6  that  of  the  active  Input 
MOSFET. 

III.  EXPERIMENTAL  RESULTS 

Provisions  were  made  by  metal  mask  varia- 
tion to  separate  the  multiplexer  with  Its 
40  FD  Inputs  from  the  ac  coupled  preamps 
for  Independent  evaluation  of  the  multi- 
plexer. Characteristics  of  the  preampli- 
fiers and  ac  coupling  were  inferred  by 
comparing  the  combined  operation  with  that 
of  the  multiplexer  by  Itself. 


Table  I 

Bur led -Channel  Multiplexer 
With  Floating  Diffusion  Inputs 

CTE  (@  4 MHz)  0.99996 

Crosstalk  (Worst-case)  -44  dB 

Output  Capacitance  0.24  pF 

Source  Follower  Gain  0.5 

Overall  Gain  1 

Noise  (100  kHz  Input  rate) 

Output  Spot  Noise  1.85uV//hT 

Output  Wideband  Noise  (50  kHz)  0.41  mV 
Maximum  Output  Swing  (P-P)  0.15  V 

Dynamic  Range  51  dB 

Low  Frequency  Noise  Corner  500  Hz 

Equivalent  Input  Spot  Noise  1.85vV//hT 
Wideband  Input  Noise  (50  kHz)  410yV 

A.  Burled  Channel  Multiplexer  With  Forty 
Floating  Diffusion  Inputs  Only 

Data  presented  in  Table  I summarizes  the 
results  obtained  on  the  device  of  Figure  2 
without  the  ac  coupled  preamplifiers; 

Inputs  were  directly  to  the  first  gates  of 
the  FD  inputs. 

The  CTE  was  measured  to  be  at  least  0.99996 
at  4 MHz  output  data  rate  (which  corres- 
ponds to  an  input  data  rate  of  100  kHz) 
with  a corresponding  -44  dB  crosstalk 
measured  for  the  Input  farthest  from  the 
output  end.  The  design  goal  of  40  dB 
isolation  was  achieved. 

The  output  capacitance  was  measured  to  be 
0.24  pF.  The  source  follower  output  asso- 
ciated with  the  serial  output  (see  Fig  2) 
showed  a gain  of  0.5.  This  loss  value  was 
attributed  to  the  small  value  of  load  re- 
sistor (10K)  necessary  to  achieve  4 MHz 
operation.  The  overall  small  signal  vol- 
tage gain  of  unity,  obtained  by  comparing 
the  demultiplexer  output  rms  voltage  of  a 
given  channel  with  the  rms  value  applied  to 
the  corresponding  FD  input,  combined  with 
the  measured  source  follower  gain  and  out- 
put capacitance,  allowed  calculation  of  an 
equivalent  input  capacitance  of  0.48  pF. 

Noise  data  were  taken.  An  output  spot 
noise  (spectral  intensity)  of  1.85  yV//lte 
was  obtained  for  a typical  demultiplexed 
channel  (demux  sample  rate  equal  to  100kHz) 
in  the  "white"  region  of  the  spectrum  from 
which  an  rms  wideband  value  (over  the 
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Nyqulst  bandwidth)  was  calculated  to  be 
0.41  mV. 


further  suggest  that  the  slightly  higher 
low  frequency  corner  listed  In  Table  II 
was  not  due  to  the  preamp. 


A saw  tooth  waveform  was  applied  to  a ty- 
pical channel  and  compared  to  Its  demulti- 
plex output  as  depicted  in  Figure  5.  The 
maximum  peak  to  peak  undistorted  output 
voltage  was  determined  to  be  approximately 
0.15  volts  from  which  a dynamic  range  of  51 
dB  was  calculated.  The  system  requirement 
was  40  dB. 

By  observation  of  the  output  spot  noise, 
the  low  frequency  (1/f)  noise  corner  was 
determined  to  be  approximately  500  Hz. 

Table  II 

Burled-Channel  Multiplexer  With  Preamps  AC 
Coupled  Using  DC  Bias  Reset 


Overall  Gain  2.0 

Noise  (100  kHz  Input  Rate) 

Output  Spot  Noise  2.0uV/i^te 

Output  Wideband  Noise  (50  kHz)  0.46  mV 

Maximum  Output  Swing  (P-P)  0.15  V 

Dynamic  Range  50  dB 

Low  Frequency  Noise  Corner  1000  Hz 

Equivalent  Input  Spot  Noise  1.0yV//fU 

Wideband  Input  Noise  (50  kHz)  220uV 
Input  dc  Dynamic  Range  76  dB 


B.  Burled  Channel  Multiplexer  With  Preamps 
and  Periodic  Reset 

The  data  of  Table  II  characterize  the 
buried  channel  device  of  Table  I with  the 
addition  of  ac  coupled  preamps.  The  pre- 
amps, coupling  capacitors,  and  bias  reset 
circuitry  were  also  protected  from  the  ion 
Implant  and  therefore  have  surface  channel 
characteristics. 

Comparison  of  Tables  I and  II  suggests  that 
the  nominal  gain  of  the  preamps,  as  atten- 
uated by  a possible  capacitive  voltage 
divider  effect  at  the  ac  coupled  node,  was 
two. 

Since  output  "white"  noise  and  maximum 
undistorted  output  swing  were  essentially 
unchanged,  it  can  be  concluded  that  the 
combination  of  ac  coupled  preamplifier  and 
bias  reset  circuitry  made  negligible  con- 
tribution to  the  noise  in  the  "white” 
spectral  region.  Data  taken  on  MOSFETs  of 
similar  geometry  or  similar  bias  conditions 
are  consistent  with  this  conclusion  and 


An  extra  term.  Input  DC  Dynamic  Range,  has 
been  added  to  Table  II.  It  is  defined  as 
the  ratio  of  the  maximum  change  in  DC  vol- 
tage applied  to  the  input  to  the  preamp- 
lifier (while  maintaining  undlstorted  small- 
signal  ac  response)  divided  by  the  equivalent 
input  wideband  noise  voltage. 

The  value  of  76  dB  was  determined  by  super- 
imposing a small  sawtooth  signal  on  a vari- 
able input  dc  level  and  recording  the  range 
over  which  the  output  waveform  was  essen- 
tially undistorted  and  the  gain  was  sub- 
stantially constant.  A very  Important 
result  is  that  the  input  dc  dynamic  range 
is  approximately  20  dB  larger  than  the  out- 
put ac  dynamic  range.  Another  stage  of 
preamplification  with  bias  reset  should 
increase  input  dc  dynamic  range  even  fur- 
ther. This  "dc  dynamic  range"  is  a 
measure  of  the  suppression  of  background 
effects  due  to  the  ac  coupling.  It  is 
limited  only  the  maximum  dc  response  of 
the  preamplifier. 

The  total  current  drain  on  the  preamp  sup- 
ply VpD  inwas  measured  to  be  100UA,  or  2.5uA 
per  channel,  indicating  a power  dissipa- 
tion of  25  v>W  per  channel. 

C.  Low  Frequency  Characteristics  of  AC 
Coupling  With  Bias  Reset 

The  ac  coupling  with  its  bias  reset  M0SFET 
circuit  is  illustrated  schematically  in 
Figure  4 and  in  Figure  2 in  relationship  to 
the  40  input  multiplexer.  While  the  data 
for  Tables  I and  II  were  being  taken,  the 
test  circuitry  was  adjusted  so  as  to  apply 
a pulse  (0R)  to  the  gate  of  the  bias  reset 
transistors  every  8.3  msec.  As  pointed  out 
in  Section  II. C,  8.3  msec  corresponds  to 
the  nominal  read-ln  time  for  an  entire  hori- 
zontal line  of  parallel-scan  FLIR  video. 
During  this  bias  reset  Interval,  the  ac 
components  of  the  input  signals  were  grounded 
using  the  set  up  of  Figure  6 to  simulate  the 
condition  of  the  detectors  viewing  a uni- 
form background. 

Using  this  technique  one  would  predict  that 
the  low  frequency  gain  suppression  effects 
of  a periodic  series  clamp  would  not  be 
evident.  Without  input  clamping  as  in  Fig  6 
the  output  signal  became  chopped  up  near  the 
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reset  rate  and  quickly  went  to  zero  for 
frequencies  below  the  reset  rate. 

Using  the  8.3  msec  restore  rate  the  frequency 
response  curve  of  Figure  7 was  obtained. 

The  rolloff  at  0.2  Hz  was  only  -1.6  dB.  The 
high  frequency  data  was  a smooth  rolloff  In 
slnX/X  fashion  to  zero  at  100  kHz  and  was 
limited  by  the  sample  and  hold.  A more 
detailed  study  Is  contained  in  reference  ^ 
presented  at  this  conference. 

An  experiment  was  devlced  to  measure  the 
saq  rate  directly.  With  the  8.3  msec  reset 
Interval  the  sag  on  the  envelope  of  the 
output  waveform  and  on  the  demultiplexed 
output  was  Impreceptable.  By  Increasing 
the  interval  between  the  bias  resets  to 
values  much  larger  than  normally  required 
the  sag  rate  became  dlscernable.  A typical 
demultiplexed  waveform  is  shown  in  Figure  8. 
The  sag  rate  was  consistent  and  appeared 
linear  in  several  repetitions  of  the  experi- 
ment. An  output  sag  rate  as  low  as  0.02 
V/sec  was  measured  on  one  device.  Since 
the  slope  of  the  sag  was  linear,  denoting  a 
leakage  current  or  an  RC  decay  with  a time 
constant  much  longer  than  1.3  seconds  It 
is  appropriate  to  Interpolate  the  sag  in  an 
8.3  msec  interval  as  only  166  pV.  Even  at 
these  low  restore  rates  a 2 Hz  siqnal  could 
be  processed  riding  on  the  linear  sag. 


D.  Anti-Aliasing  Characteristics  of  the 

Combined  Floating  Diffusion-Preamplifier 
Circuitry 

Preliminary  experiments  were  conducted  to 
evaluate  the  bandlimiting  nature  of  the 
floating  diffusion  Input  In  combination 
with  the  ac  coupled  preamplifiers.  Data 
Indicated  effective  bandlimiting  of  other- 
wise unbandllmited  Input  poise  with  negli- 
gible resulting  aliasing.  0 

IV.  CONCLUSIONS 

The  performance  of  the  40  Input  multiplexer 
was  adequate  for  many  slow  scon  FLIR  appli- 
cations. The  use  of  monolithic  ac  coupling 
with  dc  bias  reset  maintains  good  low  fre- 
quency response  below  2Hz.  This  reset, 
when  synchronized  to  detector  signals  from 
a uniform  background,  will  allow  system  dc 
restoration  on  a frame  basis.  This  effec- 
tively Increases  dynamic  range  by  20  dB 


by  eliminating  dc  input  variations  from 
average  background  temperature  changes, 
detector  bias  non-unlformltles,  and  cold 
finger  temperature  fluctuation. 

Channel  to  channel  crosstalk  was  maintained 
less  than  -40  dB  at  4 MHz  data  rate  by  the 
high  CTE  of  burled  channel  design  without 
the  use  of  Isolation  Inputs. 
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FORTY-STAGE  BURIED  CHANNEL  SHIFT  REGISTER 


INPUT  12  3 37  38  33  40 

FIGURE  I.  BLOCK  DIAGRAM  OF  40  INPUT  MULTIPLEXER 
WITH  PREAMPLIFIERS 


Direction  of  tli.H  nr  Tr.ie^fcr 

* 


Schematic  of  Chip  With  Preamps,  Bias  Reset,  and  FD  Input 


Figure  2 


Vfd 

Figure  3 Floating  Diffusion  Input  Structure  Consisting  of  Input  Diode  (Connected 
to  Vld),  First  Transfer  Electrode  (Connected  to  Vgi) , Second  Transfer 
electrode  (Connected  to  Vg2) , Floating  Diffusion  (Between  the  Two  Transfer 
Electrodes),  and  t-y  Electrode.  The  waveforms  required  to  operate  the 
floating  diffusion  are  shown. 


Figure  4 Schematic  of  AC  Coupled  Monolithic  Node  With  DC  Bias  Reset 
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Input  Waveform 


Demultiplexed 
Output  Waveform 


0.1  gsec/cm 


Figure  5 Typical  Waveforms  Used  To  Determine  Maximum 
Undistorted  Output  Svlng  of  Multiplexer 


Figure  6 Block  Diagram  of  Test  Setup  Showing  Input  Signal  Clamping 


INTEGRATED  CCD-BIPOLAR  STRUCTURE  FOR  FOCAL  PLANE  PROCESSING  OF 
IR  SIGNALS 

Wayne  Grant,  Raymond  Balcerak,  Peter  Van  Atta  and  John  T.  Hall 
Night  Vision  Laboratory 
Fort  Bel voir,  VA  22060 


ABSTRACT  The  trend  in  thermal  imaging  sensor  design  is  toward  the  use  of  high  perfor- 
mance, low  cost.  Integrated  focal  plane  arrays.  The  hybrid  marriage  on  the  focal  plane 
of  detector  mosaic  with  charge  coupled  device  processor  is  one  concept  to  economically 
achieve  greater  detector  densities.  The  IR  system  requirements  do  impose  severe  con- 
straints on  the  design  of  the  preamplif ier/CCD  processor. 

A monolithic  CCD  processor  with  bipolar  preamplifier  array  was  developed  for  use  with  photo- 
conductive  HgCdTe  detectors.*  The  designs  and  operation  of  both  PNP  and  NPN  preamplifiers 
with  P and  N type  surface  channel  charge  coupled  devices  are  described.  Preliminary  test 
results  show  the  preamplifier  gain  for  a PNP  device  at  77°K  to  be  above  30  with  greater 
than  1.8  megahertz  bandwidth  and  approximately  two  (2)  nanovolts  per  root  Hz  noise  ref- 
erenced to  the  input.  Non-uniformities  among  preamplifiers  (base-emitter  voltages  and 
bias  resistors)  are  responsible  for  variation  in  dc  bias  voltages  at  the  CCD  input  gates . 
Large  differences  in  dc  bias  among  input  gates  may  compromise  the  CCD  gain  when  operating 
in  a time  delay  integration  mode.  The  measured  linear  dynamic  range  using  gate  modulation 
input  is  67db. 

I.  INTRODUCTION 

The  evolution  of  charge  coupled  device 
technology  has  provided  momentum  to  the 
concept  of  focal  plane  signal  processing 
in  advanced  FLIR  systems. vl)  Speculative 
systems  designs  with  CCD's  predict  much 
greater  number  of  detectors  than  contem- 
porary technology  would  permit.  The 
ability  to  Integrate  detector  with  signal 
processor  on  the  focal  plane  in  a single 
hybrid  or  monolithic  structure  permits 
detector  densities  comnensurate  with  high 
performance  in  thermal  imaging.  Ultimately, 
the  detector-processor  marriage  will  lower 
system  cost  and  improve  system  reliability. 

This  paper  addresses  the  development  of  a 
CCD  Time  Delay  Integration  (TDI)  circuit 
monolithic  with  a bipolar  preamplifier 
array. The  device  is  designed  to  oper- 
ate at  77'K  for  direct  coupling  to  0.1  ev 
HgCdTe  in  a serial  scan  application.  The 
basic  system  characteristics  which  Impose 
constraints  on  the  preamplifler-CCD  design 
are  listed  in  Table  I. 

♦Devices  fabricated  by  Hughes  Aircraft  and  supplied  to  NVL  under  contract  DAAK02-74-C-0229. 
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TABLE  I 

Requirements  Imposed  On  CCD/Preamp 


System  Spec 

CCD/Preamp  Requirement 

Multi-row, 

Serial  Scan, 

TV  Compatible 

Signal  B.W.>  1.5MHz 
Out.  Data  Rate  > 5MHz 
Taps  per  TDI  ^8 

8-12p  wavelength 
NETD  < 0.2°K 

Dynamic  Range  > 60db 

HgCdTe  at  77°K 

Operate  at  77°K 

NEI  < 2nV/Hz1/2 

Gain  > 30 

Dewar  Heat  Load 
< .75  watts 
(cold  shield, 
radiation,  bias, 
preamp,  CCD) 

3mW  max  per  channel 

Min  Silicon  Area 

Cost /Reliability 

Bipolar  compatible 
with  CCD  fabrication 
process 
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The  CCD/Preamp  must  interface  with  a mer- 
cury-cadmium-tellur ide  detector  array. 
Photoconductive  HgCdTe,  operated  at  back- 
ground limited  performance  (BLIP) , has  a 
noise  voltage  which  ranges  from  4 to  8 
nanovolts  per  root  hertz.  The  detector 
bandwidth  is  greater  than  one  megahertz. 
The  impedance  is  normally  SO  ohms  but  may 
vary  from  SO  ohms  up  to  100  ohms.  A con- 
stant current  detector  bias  is  used  to 
partially  compensate  for  detector  resistor 
variance . 

The  CCD  must  not  limit  system  sensitivity, 
linearity,  MTF,  or  dynamic  range  and  must 
maintain  detector  BLIP  conditions. 

II.  CIRCUIT  DESCRIPTION 


charge  coupled  device.  Figure  2 schematic- 
ally illustrates  the  basic  building  block 
(1  of  12)  for  the  focal  plane  processor. 


» kUMnm 


The  preamplifier  and  CCD  processor  array 
(PAPA)  is  shown  in  Figure  1.  The  circuit 
consists  of  (1)  a 12  input  tapered  CCD 
shift  register  for  tlme-delay-lntegration 
action;  (2)  a MOSFET  bias  resistor  for 
each  detector  and  a MOSFET  for  each  preamp 
load  at  the  input  to  the  CCD  gates;  and 
(3)  bipolar  amplifiers  operating  in  a 
grounded  base  configuration.  Devices  were 
made  using  P-channel  CCDs  with  PNP  bipolars 
and  N-channel  CCDe  with  NPN  bipolars.  All 
CCDs  were  surface  channel  devices. 

A.  Charge  Coupled  Device:  Each  output  of 
the  twelve  preamplifiers  is  directly  coupled 
to  one  of  the  twelve  input  gates  on  the 


FIGURE  2 

PREAMPLIFIER/CCD  BUILDING  BLOCK 

The  amplified  signal  voltage  modulates  the 
channel  beneath  a buried  polysilicon  elec- 
trode. The  CCD  register  is  operated  with 
complementary  two  phase  clocks.  A "dif- 
fusion" current,  entered  through  an  RC 
integrating  network,  is  introduced  at  the 
p+  diffusions  adjacent  to  each  input  gate. 

It  is  this  current,  when  modulated  by  gate 
signal  voltage,  which  supplies  charge  to  the 
CCD  wells  for  transfer  and  integration. 

The  width  of  the  CCD  registers  are  tapered, 
becoming  progressively  wider  from  the  be- 
ginning to  the  end  of  the  device.  The 
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tapering  effectively  maintains  a near  con- 
stant percentage  of  fill  level  since  well 
capacity  becomes  greater  as  charge  Is 
successively  Integrated  along  the  line. 
Several  gate  modulated  input  schemes  were 
evaluated.  The  Integrating  Input,  where 
charge  is  Integrated  on  common  over  a clock 
period  then  shifted  out  at  rates,  proved 
to  have  a lower  noise  equivalent  Input 
than  that  of  the  pulsed  diffusion  mode.'2) 
The  voltage  at  the  CCD  output  should  be 
less  than  a volt  In  order  to  maintain 
reasonable  linearity  in  the  output  charge 
amplifier.  The  on-chlp  output  charge  am- 
plifier uses  a floating  diffusion  with  a 
single  reset  MOS  transistor  and  a double 
source  follower  as  shown  in  Figure  3. 


B.  MOSFET  Resistors:  The  MOSFET  resistor 
used  to  bias  the  HgCdTe  detector  was  de- 
signed to  be  500  ohms  at  2mA  of  current. 
This  separate  MOSFET  supplies  the  detector 
bias  current  in  order  that  only  minimum 
current  need  flow  through  the  bipolar  tran- 
sistor and  associated  load  resistor.  The 
preamplifier  load  FET  is  designed  for  5K 
ohms  when  operating  near  200|jA  quiescent 
current. 

C.  Bipolar  Preamplifier:  Several  preamp 
designs  were  incorporated  on  each  chip  in 
order  to  determine  the  optimum  gain-band- 
width and  low  noise  configuration.  The 
current  gain  (6)  decreases  substantially 
at  lower  temperatures.  However,  the  a 
remains  reasonable  and  a significant  trans- 
conductance (gn)  can  be  obtained  at  77°K. 
Figure  4 shows  the  noise  model  for  the 
common  base  preamplifier.  The  preampli- 
fier voltage  gain  is  given  by: 


1)  gain  « 


aR. 


RD+re+(1-a)  rb 


where 


R^  “ MOSFET  Load  Resistance 
a - current  transport  factor  ■ 

kT 

qie 

rb  “ base  spreading  resistance 
Rd  - detector  resistance 


B 

8+1 


B 


FIGURE  4 

COMMON  BASE  AMPLIFIER  NOISE  MODEL 

The  noise  equivalent  input  (NEI)  of  the  pre- 
amp was  designed  for  less  than  2 nanovolts 
per  root  hertz.  At  midband  the  mean  square 
equivalent  input  noise  is  given  by: 

^ - ^7?  + ^ + v£  + ^£+I?  (RL/G  + rb)2 

where 

G • amplifier  gain 

2 

Vt  » thermal  noise  of  the  source 


Vb  - thermal  noise  of  the  base  spreading 
resistance 

— t 

Vg  - Voltage  equivalent  of  emitter 
current  noise  (3) 

— r 

i£  « Collector  current  noise 
III.  CIRCUIT  FABRICATION 

In  order  that  the  bipolar  device  fabrication 
be  compatible  with  surface  channel  CCD  pro- 
cessing, lateral  bipolar  transistors  were 
built  using  a "triple  diffusion"  process. 

The  basic  processing  steps  for  a triple 
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diffusion  PNP-transistor  B-channel  CCD  are: 


(X) 

P-type  collector  well  diffusion 
(or  implant)  and  drive  in 

(2) 

N-base  contact  diffusion  (re- 
quired only  for  PNP  devices) 

(3) 

N-type  base  diffusion  and  drive- 
in  (simultaneous  with  input 
diffusions  in  CCD) 

(4) 

Contact  holes  and  metallization 
(can  be  merged  with  CCD  process- 
ing) 

When  comparing  the  triple  diffusion  tran- 
sistor to  the  more  standard  types  the 
parasitic  collector  resistance  is  higher 
(500-1500  ohms) , the  base  to  collector 
breakdown  voltage  is  lower  (15-30  volts). 

and  the  base  to  collector  capacitance  is 
higher  (about  3pf ) . 

The  metallization  pattern  provided  common 
ties  to  the  same  functions  on  each  input 
and  the  fat  zero  (Fig  1 & Fig  2) . The 
bias  FETs  (Rg)  drains  are  comaon.  The 
bipolar  bases  are  common.  The  load  FETs 
(R^)  gates  and  drains  are  each  comaon. 

The  integrating  gates  "common"  for  the  12 
Inputs  and  fat  zero  are  also  tied  together. 
Fat  zero  level  may  be  controlled  separately 
by  its  own  gate.  One  test  pad  was  made 
available  on  the  CCD  input  at  the  output 
of  the  amplifier  on  channel  two.  The  com- 
bination of  tied  electrodes  made  separate 
evaluation  of  the  effects  of  each  com- 
ponent (Rg,  bipolar,  Rg,  CCD  gate)  diffi- 
cult without  using  special  operating  modes. 

IV.  EXPERIMENTAL  RESULTS 

A.  Preamplifiers:  Both  NPN  and  PNP  tran- 
sistors were  evaluated.  The  current  gain 
betas  (6)  for  both  are  tabulated  in  Table 
II  for  the  various  emitter  configurations. 
Beta  does  decrease  dramatically  with  temp- 
erature, however,  at  77°K  the  |y-  appear- 
ing in  the  gain  equation  for  a common  base 
amplifier,  is  still  reasonable.  The  mag- 
nitude of  the  base  spreading  resistance 
(rg)  is  inversely  proportional  to  temper- 
ature. At  reduced  temperatures  the  current 
crowding,  even  at  200pA,  can  affect  beta. 
The  multi-emitter  structure  minimizes  rb, 
reduces  current  crowding,  and  thus  enhances 
beta  at  77“K.  Figure  5 shows  the  gain  and 


TABLE  II 
Transistor  Beta 
Collector  Current  ■ 200uA 

NPN  PNP 


Emitters 

300°K- 

77*K 

300°K~ 

“ 77*K 

1 

180 

12.5 

135 

5.4 

2 

460 

16. 

110 

5.6 

4 

500 

19.5 

110 

5.6 

8 

440 

23.0 

130 

6.2 

noise  over  frequency  for  PNP  amplifiers  at 
300°K  and  77°K.  Figure  6 is  a similar 
graph  for  NPN  amplifiers.  With  the  reduced 
emitter  reslstance(^X_)  at  77°K,  there  is 
an  increase  in  gain?  e With  a SK  ohm  load 
resistor  the  high  frequency  roll-off  in  gain 
is  dominated  by  instrumentation  input  capa- 
citance. Operating  into  a CCD  gate  the 
frequency  response  of  the  bipolar  amplifier 
would  be  greater  than  shown.  The  PNP  ' 
devices  do  have  lower  noise  than  the  NPN 
devices.  The  noise  for  both  NPN  and  PNP  is 
higher  at  77°K  then  at  300°K,  probably  due 
to  increased  contributions  from  base  spread- 
ing resistance.  Because  the  multi-emitter 
structure  does  reduce  rg,  the  noise  asso- 
ciated with  multi-emitter  PNP  and  NPN 
devices  is  less  than  for  a single  emitter 
transistor  at  77°K. 


FIGURE  5 

PNP  GAIN/NOISE  CHARACTERISTICS 
(With  discrete  load  resistor) 
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FIGURE  6 

NPN  GAIN/NOISE  CHARACTERISTICS 
(With  discrete  load  resistor) 


C.  CCD  & Preamp:  The  gain  of  this  CCD  Is 
related  to  the  g,„  associated  with  the  gate 
modulated  Input  and  the  Integration  time. 
The  gg,  may  be  Increased  by  Increasing  the 
dc  current  beneath  the  gate  (channel  cur- 
rent In  the  common  source  MOSFET  analogy) . 
With  signal  and  bias  applied  to  only  one 
Input  the  dc  current  can  be  adjusted  to 
achieve  a gain  of  about  1.5  in  the  CCD-2085 
when  clocked  at  one  megahertz.  In  the  TDI 
mode  all  Inputs  are  on  and  the  signals  and 
dc  bias  levels  add  constructively.  There- 
fore, the  dc  channel  current  must  be 
reduced  to  prevent  complete  filling  of  any 
wells  as  each  input  adds  to  the  main  chan- 
nel. The  maximum  signal  gain  achievable 
in  the  TDI  mode  was  0.2  at  1MHz  data  rate. 

In  order  to  study  the  effect  of  variations 
from  the  preamplifiers  and  input  structures 
the  CCD  was  run  in  both  the  TDI  and  multi- 
plexer modes.  In  the  TDI  mode  a long  pe- 
riod (greater  than  48  clock  periods)  pulse 
was  entered  into  all  inputs  simultaneously 
to  assure  that  TDI  action  would  occur.  The 
resulting  output  is  a staircase  with  12 
steps.  Variations  in  step  height  were 
noted.  However,  the  relative  amount  due  to 
gain  variances,  and  dc  variances  could  not 
easily  be  separated  as  the  gain  was  low 
(0.2  'is  described  above).  In  the  second 
experiment  the  CCD  was  run  as  multiplexer 
In  the  higher  gain  mode  with  200kHz  clock. 
The  "common"  electrodes,  which  are  between 
each  Input  and  the  main  channel,  are  nor- 
mally biased  to  a dc  level.  In  this  case, 
they  were  held  off  and  gated  on  for  a short 
period  and  then  the  inserted  signals 


clocked  out  before  Inserting  additional 
Inputs.  This  short  sampling  period  pre- 
vented the  TDI  action  and  permitted  separate 
observation  of  the  samples  from  each  Input. 
Operating  the  CCD  register  with  the  bipolar 
amplifiers  off  (emitter  grounded)  provides 
a reference  output  level  for  each  Input. 
Then,  applying  a stable  dc  voltage  to  each 
emitter,  the  resulting  output  can  be  com- 
pared to  the  reference.  If  there  were  no 
variations  among  amplifiers  (blpolars  and 
FET  loads)  then  the  differences  in  "off" 
and  "on"  outputs  should  be  Identical  for  all 
inputs.  The  measured  differences  using  this 
technique  on  one  P-channel  device  ranged 
from  9 millivolts  to  111  millivolts.  These 
variations  can  be  attributed  to: 

Transistor  base-emitter  offsets  leading 
to  different  dc  currents  through  each  load 
FET. 

Resistance  tolerance  of  the  load  FET. 

The  metallization  pattern  on  the  CCD-2085 
did  not  permit  experimental  separation  of 
the  offsets  from  these  two  sources. 

The  dynamic  range  was  characterized  by 
applying  a sinusoidal  signal  to  a single 
Input  and  determining  when  distortion 
becomes  excessive.  The  signal  was  capaci- 
tlvely  coupled  to  the  CCD  gate,  which  was 
dc  biased  through  a large  resistor.  The 
clock  frequency  was  1MHz  and  the  signal 
frequency  was  10kHz.  At  the  CCD  output  the 
signal  is  filtered  to  suppress  the  main 
clock  frequency,  and  the  harmonic  components 
are  measured  using  a spectrum  analyzer 
(HP5556) . The  percentage  2nd  harmonic 
component  of  the  fundamental  is  used  to 
express  the  signal  transfer  linearity  and 
define  the  upper  extreme  for  dynamic  range. 
The  setting  of  quiescent  current  (fat  zero 
+ diffusion  currents  from  12  inputs)  will 
determine  where  a large  signal  will  start 
to  distort.  For  a given  quiescent  current, 
the  output  spot  noise  of  the  CCD  can  be 
measured  and  the  ratio  of  maximum  signal 
to  output  noise  established.  At  one  mega- 
hertz clock  and  under  particular  bias 
conditions,  the  maximum  signal  for  3Z 
second  harmonic  was  0.6  volts  and  the  spot 
noise  at  200kHz  was  350nv/Hz^'^.  Dynamic 
range  is  defined  as  the  ratio  of  the  maxi- 
mum undistorted  peak-to-peak  signal  to  the 
RMS  value  of  the  output  wideband  noise  vol- 
tage. The  dynamic  range,  assuming  a 500kHz 
flat  noise  bandwidth,  is  67db. 
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V.  SUMMARY 


3.  Edward  G.  Nielsen,  "Behavior  of  Noise 
Figure  in  Junction  Transistors",  Proceed- 
ings of  the  I.R.E.  Vol  45,  P 957,  July  1957 
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A CCD  delay  and  integration  processor  with 
integrated  preamplifiers  was  developed  for 
focal  plane  processing  of  signals  from 
HgCdTe  detectors.  The  CCD-compatible  bi- 
polar devices  operating  at  77°K  exhibited 
gains  greater  than  30,  bandwldths  above 
1 . aMHz , and  noise  commensurate  with  good 
background  limited  HgCdTe  detectors.  The 
success  of  this  blpolar/CCD  monolith  is  in 
itself  an  Important  contribution  to  charge 
coupled  device  technology. 

The  IR  system  Imposes  many  requirements  on 
the  design  of  the  CCD  focal  plane  processor. 
Noise,  gain,  bandwidth,  dynamic  range, 
uniformity,  and  power  must  trade-off  against 
one  another  in  a manner  not  to  degrade 
system  performance  after  the  detector.  Of 
particular  interest  in  direct  coupling  from 
detector  to  preamp  to  CCD  is  dynamic  range 
and  uniformity.  The  measured  linear  dy- 
namic range  of  67db  should  be  adequate 
under  all  but  the  most  unusual  scenario. 

For  delay-and-lntegration  operations, 
because  the  signals  from  Individual  chan- 
nels are  summed  together,  small  variations 
between  channels  are  unimportant.  Large 
variations  in  dc  level  at  the  CCD  input 
gate,  however,  may  turn-off  or  saturate 
some  channels.  Interchannel  non-uniformity 
can  be  caused  by  variations  in  the  CCD  gate 
threshold,  transistor  load  resistance,  or 
the  transistor  emitter-base  threshold  vol- 
tage. The  process  used  to  fabricate  the 
CCD-bipolar  combination  must  provide  enough 
uniformity  to  minimize  the  occurrence  of 
such  effects.  The  non-uniformities  measured 
on  the  CCD-2085  were  great  enought  to  impair 
efficiency  on  certain  channels.  Improved 
bias  uniformity  among  CCD  input  gates  may 
be  obtainable  through  optimized  device 
processing  to  minimize  bipolar  threshold 
variations  or  through  ac  coupling  between 
amplifiers  and  CCD. 
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ABSTRACT.  The  theoretical  basis  for  infrared  Imaging  in  the  3 to  5 Pm  spectral  band  with 
CCD  addressed  silicon,  Schottky-barrier  mosaics  is  presented.  A unique  approach  Is  used 
which  allows  readout  of  majority  carrier  signals  with  depletion  mode  CCD's.  Photo-response, 
contrast,  and  noise  relationships  for  this  type  of  all  solid-state  sensor  are  derived.  It 
is  seen  that  the  use  of  the  Schottky-barrier,  Internal-photoemisslon  process,  which  is 
independent  of  lifetime  and  doping  variations  in  the  silicon  wafer,  leads  to  at  least  a 
factor  of  100  improvement  in  Infrared  photoresponse  uniformity.  This  advance  permits  for 
the  first  time  the  development  of  Infrared  cameras  that  are  not  limited  by  fixed  pattern 
noise.  Systems  considerations  such  as  cooling  requirements,  noise  mechanisms,  and  cutoff 
wavelengths,  are  related  to  signal  contrast  and  noise-equivalent-temperature  (N.E.AT.). 

A charge- coup led  imager  sensitive  to  infrared  light  as  far  out  as  3.5  pm  has  been  fabri- 
cated and  operated.  It  consists  of  a linear  array  of  64  Pd:p-Si  Schottky-barrier  detectors 
adjacent  to  a three-phase  charge-coupled  shift  register.  A single  transmission  gate,  when 
pulsed  on,  coupled  each  detector  to  its  associated  shift  register  gate,  thus  reverse-biasing 
the  detectors.  The  charges  transferred  to  the  shift  register  are  then  read  out  sequen- 
tially to  produce  the  video  signal.  It  is  demonstrated  that  in  this  mode  of  operation, 
the  IR-CCD  is  particularly  immune  to  non-uniformities  in  substrate  doping  and  in  MOSFET 
pinch-off  voltage.  Visible  Images  were  sensed  directly  by  illumination  of  the  shift 
register  through  the  gaps  as  well  as  through  the  unthlnned  substrate.  Infrared  images 
(1.1  pm  < \ < 3.5  pm)  were  sensed  by  the  Schottky-barrier  detectors  illuminated  through 
the  (transparent)  substrate.  The  two  imaging  modes  could  be  easily  distinguished  by 
their  spectral  sensitivities  as  well  as  by  their  responses  to  changes  in  their  separate 
integration  times.  All  IR  measurements  were  made  at  77“k.  Uniformity  was  within  a few 
percent,  and  objects  at  110®C  could  be  detected.  A scheme  for  observing  low-contrast, 
thermal  scenes  without  requiring  the  charge- coup led  shift  register  to  carry  the  entire 
background  signal  has  been  Implemented  in  the  design  of  this  chip.  Operation  in  this  mode 
was  also  demonstrated. 


INTRODUCTION 

The  realisation  of  a viable  Infrared 
television  camera  with  electronic  scanning 
would  represent  a major  advance  in  thermal 
Imaging  technology.  Applications  would 
range  from  military  reconnaissance  and 
weapons  delivery  systems  to  high  resolu- 
tion, real-time  thermography  systems  for 
earth  resource  management  and  medical 
diagnostics.  We  will  describe  recent 
results  of  a device  effort  directed  towards 
the  development  of  silicon  monolithic  focal 
planes  that  are  suitable  for  an  IRTV. 


The  design  of  an  IRTV  camera  for  thermal 
imaging  is  complicated  by  signal  conditions 
which  Include  the  presence  of  high  photon 
flux  densities  from  the  thermal  background 
and  low  scene  contrast.  Cameras  use  frame 
Integration  to  achieve  high  sensitivity J 
therefore,  an  IRTV  must  have  very  wide 
dynamic  range  to  accommodate  background 
flux  integration  without  signal  saturation. 
Further,  in  the  presence  of  high  background 
flux  densities,  point  to  point  variations 
of  photoresponse,  give  rise  to  fixed  pattern 
noise  which  obscures  low  contrast  detail. 

We  are  attempting  to  develop  a diode  array 


* This  work  was  funded  by  the  Defense  Advanced  Research  Projects  Agency. 
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focal  plane  that  has  sufficient  dynamic 
range  to  accommodate  the  Infrared  back- 
ground In  the  3 to  5 Us  spectral  range  and 
sufficient  spatial  uniformity  to  give  good 
thermal  Imagery.  The  focal  plane  consists 
of  ordered  arrays  of  Schottky  Internal 
photoemission  diodes  operated  In  staring- 
mode which  are  multiplexed  by  an  integral 
surface  channel  CCD.  The  focal  plane  Is 
fabricated  using  standard  silicon  micro- 
circuit  technology. 

SCHOTTKY  INTERNAL  PHOTOEMISSION 

It  has  been  suggested  that  the  Schottky 
internal  photoemission  process  Is  Inher- 
ently more  uniform  than  conventional 
photodetection  processes  and  that  this 
process  could  be  exploited  in  the  develop- 
ment of  IR  thermal  Imaging  retinas. 2 The 
Internal  photoemission  process  Is  shown  in 
Fig.  1.  The  metal  photocathode  of  a 
Schottky  barrier  Is  Illuminated  through  the 
silicon  semiconductor  substrate  resulting 
In  photoemission  of  charge  into  the  semi- 
conductor from  the  metal.  Photoemission 
occurs  In  a spectral  band  determined  by 
the  silicon  transmission  edge  at  1.1  urn  and 
the  internal  photoemission  threshold  wave- 
length, Xc,  given  by 


coefficient  that  Is  dominated  by  properties 
of  the  metal. 3»4  Archer  and  Yep5  have  shown 
that  the  value  of  ^ Is  Independent  of  the 
substrate  doping  density  over  large  ranges 
of  Impurity  concentration.  The  only  signi- 
ficant variation  of  with  semiconductor 
properties  Is  that  due  to  the  conductivity 
type  where 


i)/  + i h - e 

man  map  g 


(3) 


Thus,  the  quantum  efficiency  of  an  internal 
emission  photodiode  Is  expected  to  be  Insen- 
sitive to  normal  variations  In  semiconductor 
properties.  Further,  It  should  be  noted 
that  this  process  emits  majority  carriers 
Into  a substrate  that  is  operating  at  high 
enough  temperatures  to  have  full  extrinsic 
Ionization:  two  factors  which  combine  to 
eliminate  most  of  the  causes  of  spatial 
non-uniformities  In  'the  photoresponse  of 
other  detectors.  Variations  of  minority 
carrier  lifetime,  diffusion  length  and 
Impurity  compensation  can  be  neglected. 

The  key  remaining  causes  of  spatial  non- 
uniformity will  be  variations  of  sensor  cell 
geometry,  Schottky  barrier  formation  metal- 
lurgy, multiplex  losses  and  dark  current. 
Dark  current  variations  can  be  minimized 
by  cooling  to  the  point  where  dark  signals 
are  negligible.  We  note  that  the  dark 
current  density  is  given  by 

Jd  * Vd2  exp  IJST*  w 

a 

where  k is  Boltzmann's  constant  and  A is 
Richardson's  constant  (20A  cm“2  *K-2  for 
p-Si)  and  Tj  is  the  detector  temperature. 
Dark  currents  become  negllblble  at  80°K  for 

A-  < 5 Pm. 

c — 


Fig.  1.  Band  diagram  of  Schottky-barrler 
detector. 
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Shepherd,  et  al6  have  shown  experimentally 
that  both  continuous  and  reticulated  Schottky 
surfaces  have  the  expected  Improvements  In 
spatial  uniformity,  but  their  work  does  not 
Include  the  effects  of  spatial  variation  of 
multiplex  losses. 


where  is  the  Schottky  barrier  potential. 
Within  the  above  spectral  range,  the  photo- 
emlsslon  quantum  efficiency,  n,  is  given  by 


l(v) 


(hv-*)‘ 

TP  8 

hv 


(2) 


provided  that  the  metallic  photo-absorption 
process  Is  energy  independent.  In  Eq.  2, 
hv  is  the  photon  energy  and  Cj  an  efficiency 


THERMAL  IMAGING 

Since  quantum  efficiencies  of  internal 
photoemission  diodes  are  low,  staring-mode 
operation  is  used  to  achieve  good  sensiti- 
vity. In  staring-mode  an  infrared  scene 
is  projected  onto  the  Schottky  array  and 
the  resulting  signal  is  accumulated  for  a 
frame  time,  ts.  At  the  end  of  the  frame, 
the  array  is  multiplexed  cell  by  cell  and 
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the  resulting  charge  pulse  train  provides 
a video  signal  of  the  IK  Image.  Ue  will 
now  calculate  the  magnitude  of  these  charge 
pulses  and  the  resulting  sensitivity  of  the’ 
Schottky  arrays. 

Consider  a Schottky  focal  plane  mounted 
In  a cold  chamber  that  Is  exposed  to  a 
uniform  thermal  background  at  temperature , 
Tj,,  through  an  aperture  of  f -number,  F. 

In  the  short  wavelength  limit,  where  hv>>kTb 
the  photon  flux  Incident  on  the  focal  plane 
in  the  frequency  Interval,  dv,  is  given  by 


N(Tb,v)dv 


2 /-hv\ 

2c2F2  ^ VkTb j 


where  c Is  the  velocity  of  light  and  h is 
Planck's  constant.  The  number  of  electrons 
collected  per  frame  by  a cell  of  area  A is 
given  by 

Nb-Ats/“  n(v)N(Tv,v)dv  (6J 
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The  resulting  signal  contrast,  y>  Is  given 
by 

dN.  1 

* " dT  Nb 

b 

For  a Schottky  retina  that  has  a barrier 
height  the  contrast  is  given  by 


, OH2* 
II  &♦>) 


For  a 15°C  background,  y varies  from  6.9Z/I>K 
for  threshold  at  3 pm  to-4.3Z/°K  for  thres- 
hold at  5.5  pm.  Thus,  a system  uniformity 
better  than  0.4Z  would  not  prevent  the 
resolution  of  0.1'K  details. 

In  order  to  calculate  the  response  of  a 
Schottky  retina  to  a thermal  signal  we  note 
that  most  metals  have  values  of  a 0.1 
(eV)“l.  Later  we  will  consider  a CCD 
addressed  retina  that  has  Pd2Si  Schottky 
contacts  of  area  2.8  x 10“  5 cm2.  The  Pd2Si 
retina  has  a photoemlssive  threshold  at 


Xc  ■ 3.54  pm.  Other  retinas  under  design 
cut-off  at  4.5  pm  and  5.5  pm.  The  cell 
response  of  these  retinas  to  a 15*C  back- 
ground Is  given  in  Table  1. 

Table  1.  Thermal  Background  Photoresponse 
of  Schottky  Diodes 

Mpm)  NiATQ  yNk(Tk)  Nh(Th+10*)  Nh (Tp+100* ) 

3.54  2.0x10*  1.2x103  3.6x10*  2.0x10® 

4.5  3.4x105  1.7x10*  5.5x10-’  1.6xl07 

5.5  2.2x10®  9.5x10*  3.3x10®  saturated 

Tfe  - 15®C,  A - 2.8x10-5  cm,  t„  - 30  ms, 

F - 1,  and  Ci  - 0.1  eV-1. 

A detail  in  an  Infrared  scene  will  be 
detected  as  a low  contrast  signal  super- 
posed on  the  background  signal,  Nb. 

Consider  an  object  which  Is  at  a temper- 
ature AT  above  Tfc,  and  which  has  an  image 
that  subtends  a sensor  cell.  The  cell 
which  views  the  object  will  have  an  accu- 
mulated charge  Nj  where 

dNu 


The  signal  of  interest  is 
dN,. 


VNb 


AT  - yN.  AT 
b 


Note  that  yNb  given  in  Table  1 represents 
the  number  of  additional  charges  counted 
per  cell  from  an  object  1*C  above  back- 
ground temperature.  The  signal-to-noise 
ratio  of  our  measurement  will  be 


Where  Nt  is  the  total  rms  noise  of  the 
detector,  its  multiplexer  and  its  asso- 
ciated amplifiers.  The  noise  equivalent 
temperature  Is  then  given  by  setting  Eq.  12 
to  unity. 

Nt 

(NEAT)  - (13) 

To  find  N we  follow  Carnes  and  Kosonocky7 
with  the  following  differences: 

1.  On  focal-plane  thermal  noise  corres- 
ponds to  80*K  rather  than  300°K. 

2.  Operation  Is  at  high  Infrared  back- 
grounds where  photo-electron  shot 
noise  can  be  significant,  and  where, 
for  low  contrast  targets,  N,  = N,  . 
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TABLE  2.  IR  SCHOTTKY  CCD  NOISE  SOURCES  AND  NOISE  EQUIVALENT  TEMPERATURES8 


SOURCE 

N 

X “3.54  urn 

X « 4.5  urn 

X • 5.5  urn 

Photo-electron  Shot  Noise 

>K 

1.4  x 102 

5.8  x 102 

1.5  x 103 

Background  Charge,  Incom- 
plete Transfer  Noiseb 

\|2cNgNi 

1.6  x 103 

1.6  x 103 

1.7  x 103 

2.1  x 103 

Fast  Interstate  Trapping  «/l7 

Noisec 

4Ng(kr/q)N83Ag 

1.6  x 10J 

1.6  x 10 

Floating  Diffusion  Reset 

Noise 

200  Vv 

200 

200 

200 

Combination  of  Above 

Noise  Sources 

\ 

2.3  x 103 

2.4  x 103 

3.0  x 103 

NEaT  From  Above  Sources 

Nt/yNb 

1.9“K 

0. 15“K 

0.04®K 

NEAT  Including  Above 

Sources  and  1%  Nonuni- 
formity 

a)  Terms  defined  in  Ref.  7. 

1. 9°K 

0. 20°K 

0.23°K 

b)  eNg  (transfer  loss  per  gate 

times  number  o 

f gates)  was  taken 

from  Ref.  8. 

i 


c)  N was  taken  as  4 x 10^  cm  2 eV  3. 
ss 


Because  of  the  large  background  signal, 
an  electrical  bias  charge  (fat-zero)  is 
not  needed.  Assuming  that  the  first  well 
has  0.25  pf  capacitance  and  the  floating 
diffusion  and  MOSFET  gate  have  1 pf  capa- 
citance, we  find  the  results  given  in 
Table  2.  These  results  indicate  that  a 
Schottky  focal  plane  with  a floating 
diffusion  and  MOSFET  output  can  have 
very  good  sensitivity. 

IR-CCD  DESIGN 


There  are  several  approaches  to  the 
design  of  infrared,  charge-coupled  imagers. 
One  is  the  fabrication  of  charge- coup led 
shift  registers  on  materials  having  the 
desired  intrinsic  response. 9 Such  materials 
Include  InAs,  InSb,  and  HgCdTe.  Infrared 
radiation  would  be  absorbed  in  the  wafer, 
generating  minority  carriers  which  would 
then  be  transported  just  as  in  silicon 
devices.  A second  approach  is  the  fabrica- 
tion of  charge- coup led  shift  registers  on 
silicon  wafers  with  separate  infrared 
detectors  prepared  on  the  wafer.  Schottky 
barriers  are  a natural  choice  though  photo- 
conductive  films  and  heterojunction  detec- 
tors are  other  possibilities. 8 A third 
approach  is  the  use  of  extrinsic  silicon. 


Our  approach  to  the  design  of  infrared- 
sensitive,  charge-coupled  imagers  has  been 
to  use  well-known  technologies,  namely 
charge- coup led  shift  registers  and  Schottky- 
barrier  detectors  fabricated  on  silicon 
wafers.  This  requires  that  the  majority- 
carrier  signals  from  the  detector  be 
converted  to  minority-carrier  packets  for 
transport  by  the  shift  registers.  Methods 
for  accomplishing  this  were  reported  by 
Shepherd  and  Yang, 2 and  by  Williams  and 
Kosonocky.l^  The  latter  method,  which 
we  adopted  for  this  work,  is  simpler,  and 
has  the  advantage  that  the  large  back- 
ground signal  from  a thermal  scene  need 
not  be  transferred  to  the  shift  registers. 
While  this  technique  does  not,  by  itself, 
compensate  for  nonuniformities  in  the 
detector  array,  it  does  make  better  use 
of  the  shift  register's  dynamic  range  and 
thereby  makes  possible  the  use  of  frame 
comparison  techniques.  To  test  these 
ideas,  we  fabricated  64  x 1 linear  arrays 
of  Schottky-barrler  detectors  coupled  with 
three-phase,  charge-coupled  shift  registers. 
The  structure  used  for  coupling  the  Schottky 
barrier  detectors  to  the  charge- coup led 
shift  register  is  shown  in  Fig.  2.  A row 
of  Schottky-barrler  metallizations  is  seen 
in  the  center  of  the  chip.  The  center  area 


i 


* 


62 


CHARGING 

GATE 


CHARGING 

BUS 

CONTACT 


TRANSFER  SHIFT- 

GATE  REGISTER 

SCHOTTKY-  \ GATES 

BARRIER  \ \ 

METALIZATIONS  \ \ 


CHARGING 

DIFFUSION 


GATE  CHARGING  TRANSFER 

OXIDE  DIFFUSIONS  (n+)  DIFFUSIONS  (n*) 


Fig.  2.  Layout  of  IR-CCD. 
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of  each  metallization  contacts  the  p-wafer 
forming  the  infrared-sensitive  area.  Each 
metallization  also  contacts  individual 
charging  and  transfer  diffusions.  The  trans- 
fer gate  overlaps  the  transfer  diffusions, 
and  can  couple  them  individually  to  the 
phase-1  gates  of  the  shift  register.  The 
phase-1  gates  are  wider  than  the  other  shift 
register  gates  for  just  this  reason.  The 
charging  gate  on  the  left  of  the  detectors 
overlaps  the  individual  charging  diffusions 
and  can  couple  them  all  at  once  to  the 
charging  bus  diffusion.  A channel  stop 
diffusion  at  the  right  terminates  the 
shift- register  channel  as  shown  in  the 
illustration.  The  shift- register  gates 
are  connected  to  three  phase  buses  to  the 
right  of  the  channel  (not  shown  in  Fig.  2) 
Strips  of  channel  stop,  also  not  shown  in 
the  illustrations,  are  included  between 
the  detectors  to  prevent  coupling. 

The  structure  shown  can  be  operated  in 
two  different  modes:  the  high  contrast 
mode  or  vidicon  mode,  and  the  thermal 
imaging  mode  or  skinning  mode,  A device 
designed  for  use  in  the  high  contrast  mode 
does  not  require  the  charging  gate  or  the 
charging  diffusions.  If  these  structures 
were  Included  in  the  device,  the  charging 
gate  can  simply  be  biased  negatively  and 
ignored.  The  three-phase  clock  voltages 
are  applied  to  the  shift-register  gates. 

At  some  time  in  the  cycle,  when  the  phase-1 
shift  register  gates  are  on  and  the  other 
two  phases  are  off,  a positive  pulse  is 
applied  to  the  transfer  gate  making  the 
potential  under  that  gate  VA  as  in  Fig.  3b. 
The  floating  transfer  diffusion  will  settle 
at  a potential  equal  to  VA.  All  excess 
charge  flows  across  the  transfer  gate  chan- 


nel into  the  deeper  CCD  potential  well. 

After  the  transfer  pulse  ends,  the  shift 
register  clocks  out  the  charge  packets.  The 
next  time,  and  each  subsequent  time,  the 
transfer  pulse  is  applied,  the  detectors 
are  reset  to  the  same  potential,  VA.  and  the 
charges  removed  are  stored  in  the  phase-1 
wells.  These  charges  represent  the  photo- 
current and  dark  current  that  accumulated 
at  the  detectors  during  the  integration 
time,  and  make  up  the  video  signal  when 
read  out.  This  mode  of  operation  is  some- 
what different  from  that  used  in  interline 
devices  with  photogates  where  all  minority 
carriers  are  removed  from  the  detectors 
during  the  transfer  time.  It  is  more  close- 
ly related  to  the  mode  of  operation  of  a 
vidicon,  since  the  detectors  are  reset  to 
the  same  potential  each  frame,  with  the 
charge  removed  to  do  this  making  up  the 
video  signal.  Hence,  the  designation: 
vidioon  mode.  An  imager  designed  for  use 
in  this  mode  should  have  detectors  whose 
charge  storage  capacity  is  about  the  same 
as  a shift-register  well  since  the  entire 
detector  signal  plus  dark  current  must 
be  carried  out  by  the  shift  register.  For 
thermal  images  with  only  a few  percent 
contrast,  however,  the  dynamic  range  of  the 
shift  register  would  be  better  utilized  if 
only  the  small  fraction  of  charge  containing 
the  signal  modulation  were  transferred  out 
by  the  CCD  and  the  large  constant  background 
charge  containing  no  information  were  removed 
by  an  auxiliary  drain.  This  can  be  accom- 
plished with  the  help  of  the  charging  bus 
and  the  charging  gate  shown  in  Figs.  2 and 
3.  A large  potential  Vg  is  applied  to  the 
charging  bus  (Fig.  3B)  which  acts  as  an 
auxiliary  drain  for  the  constant  background 
charge.  A clock  pulse  is  applied  to  the 
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Fig.  3.  Electron  potential  energy  profile  of  IR-CCD  during  operation,  (a)  Cross-section 

of  device,  (b)  Potential  profile  during  operation  in  the  vidlcon  mode,  (c)  Poten- 
tial profile  during  operation  In  the  thermal  Imaging  mode.  Certain  details  were 
. omitted  for  clarity. 


charging  gate  once  per  frame,  setting  the 
surface  potential  under  It  to  Vc.  This  in 
turn  sets  the  charging  diffusions,  Schottky- 
barrler  gates  and  transfer  diffusions  to  Vq, 
since  all  excess  electrons  stored  on  these 
conductors  will  spill  over  the  charging 
gate  channel  Into  the  charging  bus  and  be 
returned  to  the  substrate.  Thus  the  ini- 
tial level  of  the  Schottky  barrier  is  set 
by  the  charging  gate  pulse  amplitude,  not 
by  the  transfer  gate  pulse  amplitude  as 
In  the  vidlcon  mode  described  earlier.  At 
the  end  of  the  integration  period  a small 
pulse  Is  applied  to  the  transfer  gate  which 
causes  Its  surface  potential  to  go  to  VD 
(see  Fig.  3c).  Now  only  the  charge  above 
Vq  will  drain  Into  the  CCD  potential  well 
and  be  read  out.  Remaining  behind  Is 
the  constant  background  charge.  'This 
background  charge  Is  removed  shortly 
thereafter  when  the  charging  pulse  comes 
on  and  sets  the  Schottky  barrier  to  Vq.  It 


is  assumed  that  the  light  falling  on  the 
detectors  is  sufficient  to  discharge  each 
of  them  below  VD.  In  actual  operation,  Vq 
would  be  adjusted  to  ensure  this  condition. 

DESIGN  AND  FABRICATION 

The  shift  register  was  a 64  bit,  3-phase, 
linear  CCD  having  a single  level  of  metal- 
lization with  2.5  pm  gaps.  The  gates  are 
12.5  pm  long  in  the  directions  of  charge 
transfer,  making  the  bit  spacing  45p.  The 
channel  Is  125  pm  wide,  and  is  confined 
by  a channel  stop  diffusion.  The  Schottky- 
barrier  contact  holes  are  rectangles  125  pm 
by  22.5  pm  and  are  spaced  on  45  pm  centers 
along  the  CCD  register  so  that  each  detec- 
tor can  load  into  a phase- 1 CCD  gate  when 
the  transfer  gate  is  clocked.  There  Is  a 
source  diffusion  with  loading  gates  at 
one  end  of  the  shift  register  and  a reset- 
table floating  diffusion  connected  to  an 


on-chip  MOS  transistor  at  the  other  end. 

The  fabrication  procedure  is  as  follows. 

A 10^-5/003  doped  (100)  silicon  wafer  is 
subjected  to  a p-type  diffusion  and  an  n- 
type  diffusion,  each  defined  by  a thermal 
oxide  left  after  a photolithographic  step. 
The  gate  oxide  is  grown,  and  contact  holes 
are  opened.  Palladium  is  then  evaporated 
onto  the  wafer  in  a vacuum  system  that 
received  special  care  to  avoid  sodium 
contamination.  While  the  palladium  is 
being  evaporated,  the  wafer  is  heated,  caus- 
ing palladium  sllicide  to  be  formed  in  a 
chemical  reaction.  The  wafer  is  then 
removed  from  the  evaporator,  and  the  remain- 
ing metallic  palladium  is  etched  off.  It 
is  returned  to  a vacuum  system,  where  it 
receives  a film  of  aluminum  to  be  defined 
photollthographlcally.  Thinning  was  not 
necessary  because  silicon  is  transparent  to 
Infrared  light  beyond  1.1  Um.  Fig.  4 shows 
photomicrographs  of  the  two  ends  of  a com- 
pleted device  on  a wafer  containing  about 
50  chips.  The  vertical  white  rectangles 
in  a row  along  the  top  (1)  are  the  Schottky 
barrier  metallizations,  each  overlapping 
the  contact  holes  to  the  substrate  and  to 
the  setting  and  transfer  diffusions.  The 
setting  gate  (2)  and  the  transfer  gate  (3) 
control  the  channels  to  the  setting  diffu- 
sion (contacted  by  4)  and  the  phase-1  gates 
(5) , respectively.  The  bonding  pad  for  the 
phase-1  bus-bar  (5)  cannot  be  seen  because 
it  is  near  the  center  of  the  CCD.  Phases  2 
(6  and  7)  and  3 (8  and  9)  are  double-end 


connected  because  they  require  a diffused 
crossunder  which  is  more  resistive  than  a 
metallization.  Two  separate  gates  are 
provided  at  the  beginning  (10  and  11)  of 
the  shift  register  and  at  the  end  (12  and 
13).  A source  diffusion  (contacted  by  14) 
is  provided  to  permit  electrical  input  to 
the  shift  register  while  a floating  diffu- 
sion with  a reset  gate  (15)  and  drain  (16) 
is  provided  at  the  output.  The  floating 
diffusion  is  connected  to  an  on-chip  MOS 
transistor  whose  source  and  drain  diffu- 
sions are  brought  out  to  pads  17  and  18. 
Contact  to  the  substrate  is  made  at  pads 
19  and  20,  each  of  which  contacts  a channel- 
stop  diffusion. 

A circuit  diagram  of  the  IR-CCD  chip 
is  shown  in  Fig.  5.  The  extra  gates  G2 
and  G3,  which  were  Included  to  make  pos- 
sible other  input  and  output  schemes,  are 
connected  in  sequence  with  the  three 
phases,  while  G4  receives  a small  positive 
bias,  and  the  reset  gate  is  pulsed.  For 
operation  with  electrical  input,  the  trans- 
fer gate  receives  a negative  bias,  isolat- 
ing the  shift  register  from  the  detectors 
while  the  three-phase,  overlapping  clock 
waveforms  run  continuously,  and  a burst 
of  electrical  pulses  is  applied  to  G3.  At 
the  clock  rate  of  250  KHz  used  in  this  work, 
the  minimum  transfer  loss  of  5 x 10”^  per 
transfer  was  achieved  with  a bias  current 
(fat  zero)  of  0.3  uA. 


Fig.  4.  Photomicrographs  of  the  two  ends  of  the  CCD  chip. 
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Fig.  5.  Circuit  diagram  of  the  IR-CCD  chip.  The  diodes  Indicate  diffused  busses. 


DETECTION  OF  INFRARED  IMAGES  (VIDICON  MOPE) 

For  Infrared  Imaging,  the  IR-CCD  chip  was 
operated  In  a quartz  optical  dewar  contain- 
ing liquid  nitrogen.  A weak  tungsten  lamp 
Illuminated  an  adjustable  slit  that  was 
Imaged  on  the  IR-CCD  chip  with  a germanium 
lens.  The  lens  also  served  to  block  light 
of  wavelength  less  than  1. 7 pm.  The  charg- 
ing gate  was  biased  negatively  to  pinch  off 
that  channel.  The  Integration  time  for 
Infrared  detection  Is  the  time  between  trans- 
fer pulses.  The  shift  register  runs  contin- 
uously during  the  Integration,  with  the 
first  64  bits  after  the  transfer  pulse  ends 
comprising  the  video  signal;  only  during  the 
transfer  pulse  does  the  shift  register  not 
run.  Hence,  the  transfer  pulse  width  Is  the 
Integration  time  for  light  detection  by  the 
shift  register.  Any  doubt  whether  the  video 
signal  was  caused  by  absorption  at  the  shift 
register  or  absorption  at  the  Schottky 
barriers  can  be  resolved  by  varying  the  two 
integration  times  Independently.  Fig.  6 
shows  the  video  signal  for  imaging  with  a 
narrow  slit  and  a wide  slit  In  different 
locations.  The  signal  with  the  narrow  slit 
was  2 bits.  Making  the  silt  still  smaller 
did  not  Improve  the  resolution  beyond  this. 


The  limitation  was  probably  in  the  focusing 
as  the  shift  register  had  sufficiently  good 
transfer  efficiency  to  deliver  a single 
recognizable  bit.  For  this  chip,  a trans- 
fer pulse  as  high  as  IS  V could  be  used 
without  significant  dark  current.  The 
optical  system  was  focused  using  the  video 
signal  of  a narrow  silt  as  a guide.  The 
silt  could  then  be  moved  laterally  to  scan 
the  signal  across  the  oscilloscope  screen. 

A photograph  of  the  video  signals  with 
the  narrow  silt  In  four  positions  Is  shown 
in  Fig.  7.  A soldering  iron  tip,  Invisible 
to  the  human  eye,  easily  saturated  the  video 
signal.  A hotplate  at  110*C  could  be 
detected  with  a 30-ms  Integration  time. 

It  should  be  noted  that,  unlike  some 
visible  charge- coupled  imagers,  this  IR- 
CCD  is  immune  to  smear  and  blooming.  Smear 
occurs  when  Imaging  Is  performed  by  the 
shift  register,  and  an  unusually  bright 
spot  creates  a significant  number  of  car- 
riers In  a shift-register  well  during  the 
short  time  between  two  consecutive  clock 
pulses.  Since  our  chip  will  not  be  allowed 
to  Image  at  the  shift  register,  this  mech- 
anism does  not  apply.  This  Is  true  of  all 
CCD's  of  the  "Interline"  type.  Blooming 
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Fig.  6.  Video  signal  for  Infrared  Imaging 
with  a narrow  slit  and  a wide  slit. 
The  first  trace  was  taken  with  the 
slit  smaller  than  0.1  mm;  the 
second  trace  was  taken  with  the 
slit  repositioned  and  set  to  1.0  mm. 


Fig.  7.  Video  signal  corresponding  to  a 
narrow  slit  in  four  positions. 

occurs  when  a bright  spot  causes  a well  to 
become  overfilled  with  minority  carriers 
which  then  transfer  to  adjacent  wells. 

Again  this  Is  not  possible  at  our  shift 
register  because  we  do  not  permit  Imaging 
there.  A charge-coupled  imager  with  separ- 
ate p-n  Junction  detectors  or  photogate 
detectors  could  conceivably  bloom  but 
Schottky  barriers  are  majority-carrier 
devices.  No  minority  carriers  are  even 
generated,  so  there  is  no  blooming  mechan- 
ism. 


Although  Schottky-barrier  detectors 
offer  the  advantage  of  uniformity  good 
enough  for  thermal  imaging,  this  advantage 
would  be  lost  If  nonuniformities  were  In- 
troduced by  the  transfer  process.  We  must, 
therefore,  consider  the  consequences  of  the 
charge-coupled  Imager.  Possible  nonunifor- 
mities Include  those  associated  with 
substrate  doping,  oxide  thickness,  oxide 
charge,  and  accuracy  of  definition  In  the 
photolithographic  process.  A variation  In 
doping  across  the  array  will  not  have  any 
significant  effect  on  Schottky  barrier 
detector  responslvity  but  will  result  In 
a variation  of  detector  capacitance.  If 
the  device  is  operated  In  the  vidicon 
mode,  (with  the  detectors  recharged  by 
the  shif t-register  wells)  small  differ- 
ences In  detector  capacitances  should  not 
show  up  in  the  video  signal.  Of  course, 
if  dark  current  were  a factor,  doping 
variation  would  result  in  dark-current 
variation.  Variations  In  oxide  thickness 
or  oxide  charge  would  cause  variation  of 
the  surface  potential  under  the  transfer 
gate,  and  thus  would  result  in  a variation 
of  the  level  to  which  the  detectors  are 
set.  Still,  in  the  vldlcon  mode  of  opera- 
tion, each  detector  is  reset  to  Its  same 
potential  at  the  end  of  each  frame.  The 
charge  removed  is  independent  of  the  capa- 
citance and  of  the  transfer  level  so  long 
as  the  detectors  are  not  discharged  to 
zero.  Thus,  In  the  vidicon  mode,  the  trans- 
fer process  should  not  introduce  any 
additional  nonuniformities.  The  uniformity 
with  which  the  contact  holes  can  be  defined 
and  etched  will  clearly  affect  the  uni- 
formity of  response.  However,  uniformity 
measurements  on  similar  arrays  at  Air 
Force  Cambridge  Research  Laboratories  sug- 
gest that  this  will  not  be  a problem.6 

The  uniformity  obtained  experimentally 
in  the  vidicon  mode  is  shown  in  Fig.  8. 

The  video  signal,  measured  downward,  is 
shown  for  seven  levels  of  approximately 
uniform,  germanium- filtered,  tungsten 
illumination.  Local  nonuniformities  of 
a few  percent  can  be  seen  on  the  signals 
with  small  illumination.  Slow  variations 
across  the  signal  are  most  likely  due  to 
grading  of  illumination.  Much  larger 
variations  can  be  seen  at  high  levels  of 
illumination  as  some  of  the  detectors  are 
discharged  to  zero. 
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Fig.  8. 


Response  of  a typical  IR-CCD  In 
the  vidicon  mode  to  several  levels 
of  approximately  uniform  infrared 
illumination. 


OPERATION  OF  THE  BACKGROUND-SUPPRESSION 
(SKIMMING)  MODE 

In  the  background-suppression  (skimming) 
mode  of  operation  the  initial  Schottky 
barrier  potential  is  set  at  the  beginning 
of  the  integration  period  by  the  surface 
potential  under  the  charging  gate.  The 
charge  which  is  transferred  into  the  CCD  is 
determined  by  the  surface  potential  under 
the  transfer  gate  which  is  turned  on  at 
the  end  of  the  integration  period  when 
phase-1  is  high,  as  in  Fig.  3c.  The  volt- 
age on  the  transfer  gate  is  set  so  that 
just  the  "top"  of  the  optical  signal  con- 
taining the  signal  modulation  is  skimmed 
off.  The  uniform  background  charge  remains 
behind  and  is  drained  into  the  charging  bus 
when  the  charging  gate  is  turned  on  at  the 
start  the  next  integration  period.  In  order 
for  the  skimming  technique  to  be  beneficial, 
the  charge  storage  capacity  of  each  detector 
must  be  several  times  that  of  a shift  regis- 
ter gate.  If  the  shift  register  can  hold 
the  entire  detector  signal,  there  is  no 
reason  to  have  it  do  otherwise.  Indeed  the 
skimming  mode  might  be  expected  to  Introduce 
non-uniformities  in  the  video  signal  because 
of  variations  in  the  threshold  voltages  of 
the  transfer  gate  and  the  charging  gate.  In 
the  vidicon  mode  these  differences  are  not 
observed  because  the  same  gate  (the  trans- 
fer gate)  is  used  to  initially  set  the 


Schottky  barrier  potential  and  to  remove 
the  charge.  Variations  in  detector  capaci- 
tance can  be  expected  to  show  up  in  the 
skimmed  video  signal  as  well,  even  in  the 
absence  of  threshold  variations.  The 
devices  were  operated  in  the  background 
suppression  mode  with  scenes  consisting  of 
bright  slits  and  a uniform  background.  For 
fixed  optical  input,  Increasing  the  poten- 
tial applied  to  the  charging  gate  did  re- 
duce the  video  signal,  eventually  removing 
the  slit  peaks  as  expected.  However,  since 
the  storage  capacity  of  the  detectors  in 
our  device  was  smaller  than  the  shift  regis- 
ter well  capacity,  the  true  value  of  this 
technique  could  not  be  demonstrated.  The 
operation  in  this  mode  was  displayed  more 
clearly  with  the  charging  circuit  used  to 
load  charge  in  the  dark.  In  these  measure- 
ments, the  charging  bus  was  used  to  set  the 
charging  level  with  the  charging  gate  used 
as  a transmission  gate.  The  relative  mag- 
nitudes of  the  charging  and  transfer  levels 
were  reversed  compared  to  Fig.  3.  Here, 
with  no  illumination,  that  circuit  is  being 
used  to  create  a signal.  The  lower  the 
charging  bus  potential  the  more  charge  is 
loaded.  Fig.  9 shows  three  different  out- 
put signals  using  this  mode  of  operation  for 
three  different  charging  bus  potentials. 

The  non-uniformities  displayed  here  result 
from  differences  in  the  threshold  voltages 
and  detector  capacitances,  and  contrast 
vividly  with  the  uniformity  displayed 
in  Fig.  8 for  the  same  device.  Thus,  while 
the  skimming  mode  has  been  demonstrated, 
much  better  control  of  device  uniformity 
will  be  required  for  practical  use  in  this 
mode. 


CONCLUSION 

Schottky-barrier  detector  arrays  were 
shown  to  have  the  uniformity  required  for 
thermal  imaging  with  sufficient  sensitivity 
for  use  in  the  staring  mode.  Calculations 
indicate  that  thermal  imaging  is  possible 
in  the  3 to  5 urn  region  with  noise-equiva- 
lent-temperature of  a fraction  of  a degree  K. 
A charge- coup led  imaging  array  using  palla- 
dium-sillclde  Schottky-barrier  detectors 
has  been  designed,  fabricated,  and  tested. 
Thermal  scenes  as  low  in  temperature  as 
110°C  were  imaged.  It  was  shown  theoreti- 
cally that  in  the  vidicon  mode  of  operation, 
non-uniformities  in  the  transfer  process  and 
in  detector  capacitance  do  not  degrade  the 
video  signal,  and  good  uniformity  was  indeed 
obtained  in  this  mode.  A scheme  for  removing 
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the  background  signal  from  the  detectors 
before  loading  into  the  CCD  was  Incorporated 
into  the  design  of  the  chip,  and  operation 
In  this  mode  was  also  demonstrated.  This 
imager,  though  made  with  a single  level  of 
metallization  with  gaps,  had  reasonably  good 
transfer  efficiency  and  is  immune  to  smear- 
ing and  blooming. 


Fig.  9.  Output  signals  from  shift  register 
with  charge  loaded  into  the 
unilluminated  detectors  from  the 
setting  diffusion.  The  largest 
output  signal  corresponds  to  the 
lowest  setting  potential.  The 
transfer  level  was  the  same  for  all 
three  cases.  The  device  was  the 
same  one  used  for  Fig.  8. 
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ABSTRACT 

A series-parallel  scan  IR  focal  plane  array  concept  which  uses  small  InSb  CID  modules 
Is  Introduced.  The  CID  Is  used  to  premultiplex  photocurrent  through  a preamplifier 
before  the  photosignal  Is  Introduced  Into  a SI  CCD  TDI  signal  processor.  An  analysis  of 
the  expected  performance  of  this  configuration  suggests  that  if  correlated  double  sampling 
Is  used  In  the  CID  readout, a larger  f*  can  be  obtained  (In  the  3-5  urn  region)  than  with 
most  other  focal  plane  array  configurations  (which  use  direct  Injection). 


INTRODUCTION 

The  development  of  silicon  CCD  and  CID 
area  Imaging  arrays  for  \ < 1 ym  has  encour- 
aged the  Infrared  community  to  examine  the 
application  of  these  technologies  to  infra- 
red focal  planes.  For  terrestlal  applica- 
tions the  Interest  Is  primarily  In  the 
development  of  new  kinds  of  thermal  Imagers 
for  the  3-5  pm  and  the  8-12  pm  atmospheric 
windows.  We  expect  that  the  use  of  CCD's 
at  or  near  focal  plane  will  permit  the  use 
of  thousands  of  IR  detectors  in  a focal 
plane  at  reasonable  cost.  If  these  future 
focal  plane  arrays  (F.P.A. ’s)  succeed  in 
being  limited  by  statistical  fluctuation  In 
background  flux  (background  limited)  a 
slgnal-to-nolae  ratio  Improvement  propor- 
tional to  the  square  root  of  the  number  of 
detectors  can  be  expected  compared  to  pre- 
sent systems  assuming  other  design  para- 
meters remain  constant.  This  paper  will 
concentrate  on  the  problems  associated  with 
obtaining  background  limited  performance  with 
F.P.A. 's  operating  In  the  3-5  pm  region. 

CCD  and  CID  structures  can  be  fabrica- 
ted In  materials  sensitive  to  Infrared 
radiation  however  CCD  and  CID  structures 
which  are  appropriate  for  the  visible  and 
very  near  Infrared  are  not  necessarily 
appropriate  for  thermal  Imaging  systems. 
Because  of  the  low  contrast  of  thermal 
Imagery  a DC  coupled  staring  sensor  would 
have  difficulty  distinguishing  between 


variations  in  detector  responsivity  and 
variations  In  image  lrradiance.  For  example 
net  detector  to  detector  responsivity  uni- 
formity In  an  unscanned  array  would  need  to 
be  better  than  0.35Z  in  the  3. 4-5.1  pm  band 
In  order  not  to  compete  with  apparent  tar- 
get temperature  differences  of  0.1°C. 

The  use  of  area  arrays  in  a mechani- 
cally scanned  series-parallel  configuration 
using  time  delay  and  integration  (TDI)  and 
an  effective  AC  coupling  of  the  detector 
with  the  Image  avoids  these  stringent  uni- 
formity requirements.  Also  TDI  provides 
built  In  redundancy  In  that  a few  dead 
detectors  can  be  tolerated  without  signi- 
ficantly degrading  the  imagery. 

The  technical  approach  to  a high  pack- 
ing density  array  for  series-parallel  scan 
which  to  date  has  received  the  most  Investi- 
gation mates  conventional  InSb  photodiodes 
with  a Si  CCD  chip  to  form  a InSb  photo- 
diode Si  CCD  sandwich  focal  plane  module. 
(See  Fig.  1).1»2  Several  modules  would  be 
used  to  form  a focal  plane  of  thousands 
of  detectors.  With  this  approach  each 
detector  Is  Individually  connected  to  a 
direct  Injection  Input  circuit  which  inputs 
photocurrent  Into  a silicon  TDI  CCD  regis- 
ter. This  method  of  inputting  photocurrent 
Into  a Si  CCD  requires  a connection  for 
each  detector  and  has  certain  slgnal-to- 
nolae  limitations  which  will  be  discussed 
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later.  Preamplifiers  between  the  detector 
and  the  CCD  have  not  been  used  to  date  due 
to  packing  density  considerations. 


FIGURE  1 - Sandwich/direct  injection  IR 
focal  plane  array  using  IR  photodiodes  and 
Si  CCD  TDI  registers. 

As  an  alternative  to  the  sandwich/direct 
injection  F.P.A.  structure  discussed  above 
we  propose  the  approach  series-parallel  scan 
with  InSb  shown  in  Fig.  2 which  is  based  on 
the  CID  in  InSb  developed  by  Kim.^ 

The  CID  in  effect  premultiplexes  the  photo- 
current through  a preamplifier  before  it  is 
demultiplexed  and  inserted  into  Si  CCD  TDI 
registers.  High  transfer  efficiency  in  the 
InSb  is  not  required  since  an  x-y  readout 
can  be  Implemented.  Connections  must  be 
made  to  the  x-y  readout  lines  on  the  CID 
module,  but  for  the  400  detector  module  size 
suggested  in  Fig.  2 this  is  only  0.1  inter- 
connect per  detector.  The  CID  modules  must 
be  read  out  more  than  once  per  dwell  time 
leading  to  high  clock  frequencies,  but  the 
premultiplexing  feature  allows  the  use  of  a 
small  number  of  high  quality  preamplifiers 
before  intorudiction  of  the  signal  current 
into  the  CCD  TDI  signal  processor.  This  can 
lead  to  Improved  signal  to  noise  performance 
over  direct  injection  as  will  be  explained 
later.  "Background  rejection"  equivalent 
to  A.C.  coupling  would  be  provided  at  the 
TDI  output  as  with  the  sandwich/direct  in- 
jection structure. 

OPERATION  OF  SERIES  PARALLEL  SCAN  CID 


Operation  of  the  focal  plane  shown  in 
Fig.  2 can  be  understood  by  reference  to 
Fig.  3.  With  the  arrangement  shown  in  Fig, 


3,  each  CID  detector  which  Integrates  photo- 
generated charge  is  read  out  sequentially 
at  a rate  such  that  the  entire  CID  module 
is  read  out  in  the  time  the  image  moves  a 
distance  y/2  on  the  focal  plane  where  y is 
the  detector  center  to  center  spacing. 

When  detector  5A  is  read  out  gate  A® 
is  closed  and  the  amplified  signal  charge 
is  fed  into  CCD  well  1A' . When  detector  SB 
is  read  out  gate  B°  is  closed  and  the  ampli- 
fied charge  is  fed  into  CCD  well  IB'.  Be- 
fore detector  4A  is  read  out  the  charge  in 
1A'  is  transferred  to  2A'  to  make  room  for 
the  charge  from  4A.  This  process  continues 
until  the  entire  CID  module  is  read  out  and 
an  amplified  replica  of  the  signal  from 
detector  1A,  2A,  IB,  2B,  etc.,  is  stored  in 
CCD  wells  1A',  2A' , IB',  2B ' . At  that  point, 
the  transfer  gates  are  opened  and  the  charge 


SILICON  SIGNAL 
PROCESSOR 

FIGURE  3 “ Schematic  of  the  CID  module  and 
the  SI  TDI  signal  processor  used  for  series 
parallel  scan. 
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SERIES  PARALLEL  SCAN  InSb  CID  FOCAL  PLANE  ARRAY 

( IR  IMAGER  OR  SEARCH  SET) 


SCAN  DIRECTION 


FIGURE  2 - Series-Parallel  Scan  CID  focal 
lane  arrav  concept. 


in  1A’  is  transferred  to  la  at  the  same  time 
thatcharge  in  2A'  is  transferred  to  3a,  etc. 
After  this  parallel  transfer,  charge  in  la  is 
moved  to  2a,  the  charge  in  3a  to  4a,  the 
charge  in  lb  to  2b,  etc.,  and  the  readout 
process  is  repeated.  With  the  design  shown 
in  Fig.  3 Integration  occurs  after  the  third 
read  out  when  the  charge  in  2A'  is  added  to 
the  charge  in  2a  which  originated  two  read 
out  sequences  ago  from  detector  1A.  A 
smaller  ratio  of  sampling  time  to  dwell  time 
can  be  obtained  by  interleaving  more  CCD 
bits.  The  register  la,  2a,  etc.  is  tapered 
in  width  to  be  able  to  accomodate  the 
Integrated  charge. 

Since  the  scan  rate  and  the  clock  fre- 
quency are  synchronized  the  signals  from 
all  the  detectors  in  a column  will  add 
coherently.  The  noise  adds  incoherently  so 
that  TDI  provides  a /n  Improvement  in  signal- 


InSb  CID  MODULE 
(DETECTION) 


SI  SHFT  REGISTER 
(XY  SCANNER ) 


SILICON  SIGNAL  PROCESSOR 
(DEMUX. TDI  .BACKGROUND 
REJECf  ION,  AC  COUPLING ) 


to— noise  where  n is  the  number  of  detectors 
in  a column  (16  as  shown  in  Fig.  2).  The 
Si  signal  processor  chip  used  with  the  CID 
premultiplexer  would  be  similar  in  design 
to  that  used  with  the  sandwich  approach  ex- 
cept that  since  it  is  removed  from  the 
focal  plane  it  can  be  much  larger  than  the 
detector  area  relieving  packing  density  and 
CCD  well  saturation  limitations  inherent  in 
the  sandwich  approach. 

EXPECTED  PERFORMANCE  OF  SERIES  PARALLEL  SCAN 
CID 

To  be  competitive,  any  IR  focal  plane 
must  be  able  to  operate  background  limited 
for  IR  backgrounds  and  scan  frequencies  of 
interest.  Thus  we  must  estimate  the  magni- 
tudes of  the  competing  noise  sources  for 
the  configuration  shown  in  Fig.  2.  Sampling 
effects  complicate  the  analysis.  We  will 
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consider  three  sources  of  noise:  background 
noise  arising  from  the  statistical  fluctua- 
tion of  arriving  photons,  "kTC"  noise 
arising  from  an  uncertainty  In  charge  on 
the  preamplifier  Input  capacitance  and  pre- 
amplifier noise  arising  from  fluctuations 
In  channel  current  of  the  Input  field 
effect  transistor  of  the  preamplifier. 

The  design  parameters  associated  with 
any  particular  system  are  defined  In 
Table  1. 


TABLE  I - DEFINITIONS 


Tg  _ integration  time  any  particular  CID  detector  cell 

Td  - dwell  time,  the  time  taken  by  an  Image  point  to  cross  a detector  cell 

f - clock  frequency  Xg/N,,, 

f - maximum  signal  frequency  of  interest  “ 0.8/xd 

max  “ 

Nj,  - number  of  CID  detectors  in  a module 

n - number  of  detectors  in  a column  (along  the  scan  direction) 


B - output  bandwidth  of  the  preamplifier 

Nb  - background  photoelectrons  per  second  into  a single  detector  cell  » nAjQg 
where  Qg  represents  the  background  photon  flux  at  the  focal  plane 
A,j  is  the  detector  area  and  n is  the  quantum  efficiency 


Performance  of  the  CID  IR  focal  plane 
will  be  analyzed  with  reference  to  Fig.  4. 
Signal  and  background  photons  are  converted 
into  charge  in  the  CID.  The  CID  detectors 
all  integrate  this  charge  for  a time  xs  af- 
ter which  the  integrated  charge  is  sampled 
by  the  readout  process,  converted  into  a 
voltage,  and  amplified  by  the  preamplifier 
which  has  an  output  bandwidth  B.  The 
amplified  voltage  is  resampled  before  being 
reconverted  into  charge  for  input  into  the 
CCD  signal  processor.  The  signal  processor 
performs  TDI  and  outputs  a number  of  pulse 
trains  corresponding  to  the  photosignal 
seen  by  each  column  of  the  CID  as  the  image 
is  scanned  over  the  module. 


SAMPLE 


SAMPLE 

ANO 

HOLD 

3 


EMULTIPLEXL  n 
TDI 


FIGURE  4 - Block  diagram  of  the  signal 
flow  through  a series-parallel  scan 
CID  focal  plane  array. 

The  input  signal  is  reconstructed  by  a 
sample  and  hold  process  on  these  pulse 
trains.  At  point  3 after  the  sample  and 
hold  the  signal  will  have  the  appearance  of 
a staircase  function,  as  shown  in  Fig.  5 
for  the  case  of  uniform  focal  plane  irjadi- 
ance.  The  variation  of  signal  height  N 
shown  in  Fig.  5 represents  noise. 
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FIGURE  5 - Representative  signal  as  a func- 
tion of  time  after  the  sample  and  hold 
function  shown  in  Fig.  4»for  uniform 
focal  plane  irradiance. 


where  A is  the  triangular  function  (zero  at 
t/t8  ■ ± 1).  Ignoring  the  DC  component  the 
power  spectral  density  (PSD)  of  the  output 
staircase  waveform  will  thus  be 

PSD  - J o2A(t/T8)eiuT  dt-  o2-^ 

sinc^  i f tB  (3) 

The  problem  is  one  of  estimating  the 
value  of  o2  for  background  noise,  kTC  noise 
and  preamplifier  noise.  If  we  wish  to  com- 
pare the  variance  at  point  3 to  the  compo- 
nent variances  associated  with  a single 
detector  cell  we  can  write: 


As  a matter  of  convenience,  the  output 
at  point  3 will  be  referred  back  to  the 
electrons/sec  coming  from  an  individual 
detector  cell,  o is  the  standard  deviation 
of  the  Individual  sample  values  at  point  3 
due  to  noise.  We  will  assume  that,  after 
subtraction  of  the  average  value,  there  will 
be  no  correlation  between  these  Individual 
sample  values  as  long  as  the  input  illumi- 
nation is  uniform.  This  is  equivalent  to 
assuming  that  before  sampling  the  auto- 
correlation function  of  the  input  due  to 
noise  was  zero  for  times  larger  than  t8. 
This  will  be  true  for  background  and  kTC 
noise  and  represents  a reasonable  approxi- 
mation for  preamplifier  noise  as  long  as 
the  sampled  values  which  are  close  together 
at  point  3 did  not  come  through  the  pre- 
amplifier in  adjacent  time  slots.  If  the 
sampled  values  are  not  correlated  the 
auto-correlation  function  of  the  signal  at 
point  3 ignoring  the  DC  component  will  be 

<N(t)  N(t-i)  > “ o2  rect 


(4) 


where  all  the  variances  are  normalized  to 
the  mean.  The  factor  of  n is  due  to  the 
time  delay  and  integration  process.  The 
uncertainty  in  the  amount  of  collected 
background  photons  in  an  integration  period 
Tg  from  a single  detector  cell  is  just 
/5jjTs  s°  that  the  variance  in  the  rate  of 
collection  is  just 


(5) 


kTC  noise  is  caused  by  an  uncertainty 
in  the  charge  on  the  capacitor  C at  the 
input  to  the  preamp  (point  1)  before  the 
detector  cell  charge  is  shifted  under  this 
capacitor  for  readout.  This  uncertainty 
in  electronic  charge  is  just/ (2/3)kTC 
which  converted  to  a rate  and  referred  back 
to  the  detector  as  elections  per  second, 
gives  a variance  of 


T-(t-t0-(m  + *)  ts)l 

xT J (1) 

where  m is  the  largest  integer  such  that 
m ts  < (t-t0)  and  rect  represents  the 

rectangular  function  which  is  unity  between 
± 1/2  and  zero  elsewhere.  The  nonstation- 
arlty  of  the  sampling  process  makes  this 
auto-correlation  function  a function  of  both 
t and  T,  however  to  calculate  a power  spec- 
tral density  we  can  average  this  auto- 
correlation function  over  time  to  obtain: 

<S(t)5(t-T)>dt"02A(x/T8)  (2) 


2 (2/3)  kTC 

°kTC  "2.2  (6) 

8 

where  e is  the  electronic  charge  and  k is 
Boltzman's  constant.* 


The  preamplifier  introduces  noise  which 
can  be  described  by  an  equivalent  input 
voltage  noise  with  RMS  value  Vms  such  that 


V 


rms 


v Bl/2 


(7) 


where  B is  the  bandwidth  of  the  preamplifier 
circuit.  Because  the  preamplifier  is 
followed  by  a sampling  process  this  value 
of  B must  be  minimized  regardless  of  the 
final  value  of  f-M,.  The  rms  noise  must  be 
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made  small  at  the  sampling  point.  B must 
not  be  made  too  small  since  we  must  pass  sig- 
nal pulses  through  the  preamplifier  relative- 
ly unattenuated  and  since  crosstalk  between 
adjacent  samples  should  be  avoided.  Thus 
there  Is  a genuine  tradeoff  in  selecting  a 
value  of  B.  For  our  calculation  we  will  use: 


B - 1.6  fc 


1.6  ''m 


(8) 


With  this  choice,  we  can  calculate  an  equiv- 
alent charge  uncertainty  at  the  Input  to  the 
preamplifier  and  relate  this  to  an  uncer- 
tainty in  the  rate  of  electrons  at  the  de- 
tector. This  leads  to  a variance  of: 


C2Vn  » 1-6  NmC2Vn2 


pa 


2 2 
e x 
e ls 


(9) 


For  comaprison  with  a signa’l  in  electrons/ 
sec  from  a single  detector  cell  we  thus  have: 


4kTC 

? h 

3ne^  t8 


2 2 

e TS  n J 


sinc2irfx8  (10) 

To  understand  the  tradeoff  in  the  choice 
of  x s relative  to  f ^ we  must  consider  the 
effect  of  the  sampling  process  on  signal  as 
well  as  noise.  The  scanning  process  con- 
verts the  spatial  variations  in  the  image 
into  an  AC  signal  which  is  added  to  the  , 
noise.  Any  single  frequency  AC  signal,  N 
sin2  lift,  coming  from  a single  detector  cell, 
will  be  attenuated  by  both  the  input  inte- 
gration function  and  the  output  sample  and 
hold  function  so  that  its  peak  to  peak 
value  at  the  output  (excluding .aliased 
terms)  on  the  average  will  be 

signal  ” 2Na  sinc2irfxs  (11) 

From  a noise  point  of  view,  a long  t8  is 
desirable  because  it  makes  background  limit- 
ed operation  more  likely.  As  xs  ■*  1/f,  how- 
ever, the  magnitude  of  the  signal  at  the 
output  will  be  reduced.  A xs  which  is  longer 
than  optimum  can  thus  reduce  the  background 
limited  signal  to  noise  ratio  at  fmax-  F°r 
our  example  we  will  choose: 


In  practice  frequency  boosting  will  be 
employed  to  flatten  out  the  signal.  In  that 
case  the  PSD  of  the  noise  after  the  boosting 
process  will  be  modified  to 


PSD'  * o2x8/sinc2wfxs  (13) 

and  the  RMS  value  of  the  output  after  pass- 
ing through  a frequency  boosting  filter  and 
then  a bandpass  filter  will  be 


(RMS  noise)* 


i 


PSD'  df 


(14) 


2°2xsfmax 


1+  "-a-XfTs2] 


so  that  the  use  of  x8  » l/(3fmax)  with  a 
bandpass  final  filter  implies  a decrease 
in  the  background  limited  signals to-nolse 
ratio  of  6%  over  that  which  would  be  ob- 
tained for  x_  « l/fmax.  In  practice 
with  an  Imaging  system  the  bandpass  of  the 
final  filter  is  influenced  by  the  eye 
acting  as  a spatial  filter  for  signals  on 
the  display. 


If  we  desire  fmax  “ 0.8/x,j  (representa- 
tive for  an  imager  design)  we  can  achieve 
x8  = l/3fmax  by  a 3 to  1 interleave  in  the 
TDI  register  and  a center  to  center  spacing 
to  detector  size  ratio,  y/x  of  1.25. 


With  this  relationship  between  xg  and 
fmax  and  with  frequency  boosting  we  have 
for  the  CID 


(RMS  noise) 


n 


4kTCf, 


max 


e^n 

28.8C2V2Nmf2a 

e2n 


(15) 


fmax  d- W) 


For  background  limited  operation  the  first 
term  should  dominate  the  remaining  two.  We 
will  define  f*  for  the  CID  to  be  that  value 
of  fj^  for  which  the  first  term  equals  the 
sum  of  the  remaining  two  terms.  Without 
correlated  double  sampling,  C.D.S.,  kTC 
noise  dominates  and 
NBe2 
f*  ” 2 kTC 


3f_ 


(12) 


such  that  a signal  at  f8ax  would  be  attenu- 
ated by  a factor. of  0.68  if  no  frequency 
boosting  were  employed. 


whereas  if  kTC  noise  is  suppressed  by 
correlated  double  sampling  we  will  have: 


f* 


~NBe2 

(14.4)V2C2N 

n m -* 


(17) 
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Without  excess  noise  In  the  preamplifier, 
channel  thermal  noise  of  the  Input  FET  will 
dominate  and  Vn  will  be  given  by  Vn  - 
(8/3  kT/g,,,)1^  where  gj,  is  the  transcon- 
ductance of  the  Input  FET.  gm  can  be  as 
high  as  8000  pmhos  giving 

Vn-5.95xl0'10  volts/Hz1/2  at  77°K  (18) 

In  these  f*  relationships  for  the  CID, 

C is  the  total  capacitance  between  the  in- 
put to  the  preamplifier  (at  point  1)  and 
ground.  C includes  stray  capacitance,  the 
Input  capacitance  to  the  preamplifier 
(5  pf),  and  the  capacitance  of  the  column 
readout  line.  If  nondestructuve  CID  read- 
out techniques  are  used  with  two  surface 
electrodes  per  detector  then  this  latter 
capacitance  will  be  limited  by  the  capaci- 
tance of  half  the  photoactive  area  associated 
with  a column  of  the  CID  module.  As  the 
number  of  detectors  in  a column  is  increased 
to  make  the  module  size  larger  C will  thus 
increase.  Assuming  the  same  module  aspect 
ratio  as  shown  in  Fig.  2 (16/25),  a stray 
capacitance  of  1 pF,  InSb  photoactive  area 
capacitance  of  0.1  pF/mil^  and  a full 
detector  cell  size  of  4 mil2,  we  can  write 

C = (6  + .16  v'SQ  pF  (19) 

which  is  9.2  pF  for  Nj,  = 400. 

Using  the  above  relationship^for  C we 
have  plotted  f*  as  a function  of  Ng  for 
several  values  of  Nj,  in  Fig.  6.  In  all 
cases  we  have  adjusted  the  clock  frequency 
such  that  x3  - l/3f*.  With  kTC  noise 
there  is  a minimum  number  of  background 
photons  which  must  be  collected  per  sample 
time  to  make  the  device  background  limited. 
For  C * 9.2  pF  this  number  is  2.5  x 10^ 
electrons.  If  the  limitation  is  kTC  noise, 
the  dependence  of  f*  on  1%,  is  not  strong. 

With  a careful  implementation  of  the 
non-destructive  CID  readout  techniques 
introduced  by  Michon  and  Burke  in  their 
parallel  injection  readout  scheme  it  should 
be  possible  to  implement  correlated  double 
sampling  (CDS)  as  shown  in  Fig.  7,  and  re- 
move the  effect  of  kTC  noise. The  removal 
of  kTC  noise  by  correlated  double  sampling 
(CDS)  can  provide  approximately  an  order  of 
magnitude  increase  in  f*  for  devices  operat- 
ing in  the  3-5  pm  region  where  considering 
different  applications  8g  can  vary  from 
1 x 10®/sec  to  1 x lO^O/sec  depending  on  the 
exact  choice  of  spectral  filtering  and  F/no. 


I x 10s  I x I09  lx  ID10 

Nglelectrons/sac) 


FIGURE  6 - The  maximum  signal  frequency  for 
which  various  FPA  configurations  will  be 
background  limited  as  a function  of  the 
photoelectron  generation  rate  at  a single 
detector  in  the  array. 


FIGURE  7 - Technique  for  implementing 
correlated  double  sampling  with  a non- 
destructive CID  readout.  The  reset  switch 
is  opened,  changes  to  V2  transferring  the 
signal  charge,  Qs,  and  then  the  output  is 
sampled . 


77 


kTC  noise  will  lead  to  an  uncertainty 
in  the  charge  on  the  capacitor  C before  the 
read  cycle,  however  if  the  resistance  be- 
tween the  point  1 and  ground  is  high 
enough  after  the  reset  switch  is  opened, 
this  total  charge  will  not  have  time  to 
change  before  the  signal  charge  is 
"sloshed”  under  the  readout  electrode  and 
the  change  in  voltage  caused  by  this  trans- 
fer of  charge  is  sampled  at  the  output . 

Since  only  the  change  in  voltage  caused  by 
the  transfer  of  signal  charge  is  measured 
at  the  output,  kTC  noise  will  not  be  ob- 
served. As  long  as  the  capacitance  of  a 
single  cell  is  a small  portion  of  the  total 
capacitance  between  point  1 and  ground  this 
change  in  voltage  Vs  will  be  Qs/C. 

Examination  of  Fig.  6 for  the  CID  with 
CDS  (Nj,  * 400)  shows  that  for  background 
currents  of  1C)9  electrons/sec  corresponding 
to  Ad  “ 4 mil2,  .7,  and  - 5.7  x 101-* 
photons/cm2,  an  fmax  of  10  kHz  should  be 
possible  while  remaining  background  limited. 
Clock  frequencies  of  12  MHz  would  be  needed; 
x<i  could  be  as  short  as  8 x 10“^  sec  for 
background  limited  operation.  The  relation- 
ship between  fc  and  fmax  is  determined  by 
eq.  (12). 

fc  ■’  3 «m  fmax  (20) 

This  relationship  is  plotted  in  Fig.  8 for 
representative  values  of  Nm-  Larger  values 
of  Nm  would  reduce  the  number  of  inter- 
connects per  detector.  However,  in 
general  the  use  of  a larger  reduces  f* 
and  for  a given  fmax  niay  increase  the  re- 
quired clock  frequency  to  unobtainable 
values . 


FIGURE  8 - Clock  frequency,  fc,  as  a 
function  of  the  maximum  signal  frequency 
of  interest,  fmax  for  various  CID  module 
sizes. 

NOISE  LIMITATIONS  WITH  DIRECT  INJECTION 
(SANDWICH  STRUCTURE) 

In  the  previous  section  we  have 
developed  estimates  of  f*  for  the  CID 
F.P.A.  structure  which  uses  premultiplexing. 
In  this  section  for  comparison  purposes  we 
will  estimate  f*  for  a sandwich  FPA 
structure  which  uses  direct  injection  to  in- 
ject photogenerated  charge  into  CCD  TDI 
registers.  A comprehensive  treatment  of 
signal-to-noise  ratio  at  the  output  of  a 
direct  injection  based  FPA  has  been  devel- 
oped in  refs.  1 and  2.  It  was  determined 
that  the  direct  injection  input  circuit 
itself  is  responsible  for  the  most  stringent 
limitation  on  f*.  In  the  simplified  treat- 
ment provided  here,  we  will  concentrate 
on  the  competion  between  noise  arising  from 
the  input  circuit  and  noise  arising  from 
fluctuations  in  the  background  flux.  As  a 
first  approximation,  the  effects  of  sampling 
will  be  neglected.  Minor  correction  factors 
due  to  sampling  will  be  derived  in  Appendix 
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The  Input  structure  is  shown  in  Fig.  9.  where  I is  the  total  D.C.  current  flowing 
The  detector  anode  is  connected  to  a p type  from  the  source  to  the  drain. ®t9, 10  At 

diffusion.  During  an  integration  period  higher  currents  ffa  a ll/2.  in  Fig.  10,  C 

Ts,  V is  held  at  a fixed  bias  to  deplete  is  the  combination  of  all  input  shunt 

the  vicinity  of  the  input  diffusion  while  capacitances  and  will  be  about  3 pF  for  a 

the  screen  electrode,  VST,  is  biased  more  2 mil  square  InSb  photodiode.  ls  is  the 

negatively  to  create  a potential  well.  shot  noise  of  the  background  generated 

Photocurrent  from  the  detector  is  injected  photocurrent,  ii  is  the  noise  current  due 

from  the  diffusion  and  stored  beneath  Vgi.  to  shunt  resistances  and  i 2 represents  the 

At  the  proper  time  by  changing  this  MOSFET  channel  thermal  noise.  Vgs  is  the 

stored  charge  ls  transferred  into  the  CCD  voltage  between  the  gate  and  the  source. 

TDI  register.  Charge  is  then  transferred  Note  that  the  current  generator  g,,,  Vgs  acts 

down  the  register  and  the  cycle  is  repeated.  like  a resistance  in  series  between  the 

detector  and  an  ideal  processor. 


FIGURE  9 - Direct  injection  input  circuit  FIGURE  10  - AC  equivalent  circuit  with 

structure.  direct  injection. 


The  AC  equivalent  circuit  of  Fig.  10  An  analysis  of  this  equivalent  cir- 

can  be  used  to  analyze  the  circuit  operation.  cult  gives  an  expression  for  the  output 

The  input  structure  is  treated  as  a grounded  current  power  spectral  density, 

gate  MOSFET  where  the  input  diffusion,  "S", 
acts  as  a source,  Vgc  as  a gate  and  the 
potential  well  under  VST  as  a virtual  drain. 

At  the  low  photocurrer.ts  of  interest  this 
MOSFET  will  usually  operate  in  the  sub- 
threshold or  weak  inversion  regime  where 

“ I kT  1 (21) 
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“ 


PSDi 


1 8m** 

I (l+^RHl+juRCd+^R)'1) 


(e2NB  + 2kT/R) 


1+laiRC 2 

(l+gnRJd+jooRC  (l+gmR)_1) 


of  5.5  for  f*  which  is  plotted  in  Fig.  6. 

Another  approach  to  a higher  f* 
with  direct  injection  is  to  use  a photo- 
conductor  to  provide  D.C.  gain  to  enhance 
I.  The  smaller  capacitance  of  a photo- 
conductor would  by  itself  lead  to  an  in- 
crease in  f*.  As  an  example  we  will  con- 
sider an  extrinsic  Si  photoconductor  with 
the  properties  listed  in  Table  II. H 


((4/3)^)  (22) 


where  R is  the  effective  resistance  be- 
tween S and  ground.  To  avoid  Johnson  noise 
limitations  we  must  assure  that  R is  large 
enough.  If  we  arrange  the  circuit  such 
that  R » 2kT/e2Ng,  f*  will  be  limited  by 
channel  thermal  noise.  If  Johnson  noise 
can  be  neglected  we  will  have  gmR  » 1 as 
long  as  the  equivalent  input  MOSFET  would 
be  in  the  subthreshold  regime  (for  I = eSg) ■ 
Under  these  conditions  f*  can  be  defined 
as  the  largest  value  of  f for  which  the 
second  term  in  the  PSDj  dominates  the 
first  term.  Neglecting  effects  due  to  the 
sampling  process  f*  is  thus  given  by: 


TABLE  II  - EXTRINSIC  PHOTOCONDUCTOR 
PROPERTIES. 

Emax  “ 2500  V cm-1 
W = 6 x 10^cm2V-^  sec  ^ 
x = 2 x 10  ® sec 

L - 0.1  cm  (thickness  and  inter- 
electrode spacing) 


f4,  . /2efiB8m 

2itC/8/3  kT 


(24) 


If  the  value  from  Eq.  21  is  used  for  gm 
then: 


'572  e2  Nb 

4irCkT 


(25) 


As  large  a value  of  gm  as  possible  is  de- 
sired. Use  of  the  subthreshold  expression 
for  gm  as  a function  of  I could  be  optimis- 
tic for  I > 1 x 109  amps. 

With  the  most  straightforward  imple- 
mentation of  direct  injection^R  is  the 
detector  resistance  and  I = eNg.  f*  for 
this  case  is  plotted  in  Fig.  6 as  direct 
injection  with  C ■ 3pF.  If  I is  greater 
than  eSB,  gm  enhancement  can  occur  and  f* 
will  be  increased.  We  estimate  that  I can 
be  increased  by  a factor  of  30.  Assuming 
the  subthreshold  expression  for  gm  vs.  I, 
this  leads  to  a miximum  improvement  ratio 


C = 0.5  pF 

Ad  = 2.5  x 10"5  cm2 


With  these  properties  the  D.C.  gain 

G0  = (Ept/L  ) will  be  3 making  I/efiB  = 3. 

Assuming  a#saturated  A.C.  gain  of  1/2 
and  R » 8kT/e2NB  referring  to  Eq.  16,  f* 
for  the  photoconductor  will  be 

f*  “ 1 Sir  e2  % <g0)1/2  (26) 

which  for  G0  ” 3 and  C » .5pF  represents 
an  improvement  in  f*  over  the  3pF  photo- 
diode of  a factor  of  5.2  (at  the  same  T) . 
Thus  f*  for  a photoconductor  would  be 
similar  to  our  estimate  of  f*  for  a photo- 
diode with  gm  enhancement . The  use  of  an 
A.C.  gain  of  1/2  In  the  above  expression 
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will  be  justified  as  long  as  the  dielectric 
relaxation  time,  Tp,  is  such  that 


f 


P 


f* 


i.e.,  as  long  as 


(27) 


have  ana.  y zed  which  use  direct  injection 
with  the  possible  exception  of  direct  in- 
jection with  an  extrinsic  photoconductor 
including  g„,  enhancement.  To  realize  this 
projected  f*  performance  high  speed 
(10-20  MHz)  CID  readout  schemes  which  in- 
clude correlated  double  sampling  must  be 
developed . 


. E_yt  1/2 

eyrfiB  /372  e2NB(-V) 

2itAjL  e < 2 4uCkT 


(28) 


For  the  values  in  Table  II  at  SO'E 


fp/f* 


(G  i^*/2 

t(V  ACkT 

Em6  /Ttt  eAj 


0.23 


(29) 


None  of  the  FPA  designs  we  have 
analyzed  appear  readily  capable  of  providing 
f*  high  enough  for  a TV  compatible  IR 
Imaging  system  in  the  3-5  pm  region  (which 
requires  an  f*  of  - 30  kHz).  With  the 
higher  background  fluxes  of  the  8-12  pm 
region  extrinsic  photoconductor  FPA's 
using  direct  Injection  should  not  be 
seriously  limited  by  f*  problems  if  the 
Imaging  systems  use  a parallel  scan. 

APPENDIX  A 


so  that  the  assumption  of  a saturated  photo- 
conductive  gain  of  1/2  at  f = f*  is 
justified.^ 

The  3-5  pm  extrinsic  photoconductor 
will  give  superior  f*performance  to 
the  photodiode;  however  there  will  be  a 
temperature  of  operation  penalty  and  since 
absorption  lengths  tend  to  be  long  there 
will  be  quantum  efficiency  vs.  crosstalk 
tradeoffs  for  a 3-5  pm  FPA  made  with 
extrinsic  photoconductors. 

All  of  the  above  estimates  for  f*  with 
direct  injection  ignore  sampling  effects 
and  are  therefore  only  strictly  true  for 
sampling  rates  such  that  tg  « 1/f*.  In 
practice  since  CCD  bits  cannot  be  made  an 
order  of  magnitude  smaller  than  the  de- 
tector size  this  is  unlikely  to  be  the 
case  if  f*  approaches  fjiax  = 0.8/t,j.  In 
the  appendix  we  have  considered  the  effects 
of  sampling  for  a more  realistic  case 
where  ts  = l/3f*  and  show  that  the  degrada- 
tion in  f*  from  the  effects  of  sampling  will 
be  about  16Z. 


DEGRADATION  IN  f*  WITH  DIRECT  INJECTION 
DUE  TO  SAMPLING 

Unless  Tg  « 1/f  the  integration  and 
sampling  which  occurs  at  the  output  of  a 
direct  injection  circuit  with  a sandwich 
type  FPA  structure  will  have  some  effect  on 
the  signal-to-noise  ratio.  Due  to  the 
complex  frequency  dependence  of  the  noise 
power  spectral  densities  before  the  sampling 
we  will  take  a different  approach  to  cal- 
culating the  effect  of  aliasing  than  was 
used  with  the  CID. 

If  f8  is  the  sampling  frequency  the 
noise  current  power  spectral  density  after 
Integration  and  sampling,  PSD£,  will  be 

" 2 f+nf s 

PSD£(f ) = I PSD±(f+nfs)  sincTr  5.  (a-1) 

-OO  f g 

where  sincx  5 (sinx)/x  and  where  PSD^(f ) 
is  the  power  spectral  density  before  inte- 
gration and  sampling.  In  a practical  case 
we  could  adjust  fs  such  that 


CONCLUSIONS  f « f _/3 

max  8 

Series  parallel  scan  with  small  InSb 
CID  modules  appears  to  be  a convenient  so  that 

moderate  cost  approach  to  IR  focal  plane 
arrays  for  the  3-5  ym  region.  Our  calcula- 
tions suggests  that  the  use  of  CID  for  pre- 
multiplexing has  the  potential  of  providing 
a higher  f*  in  the  3-5  ym  region  than  any  of 
the  focal  plane  array  approaches  that  we 


(A-2) 
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PSDi<£max>  " °-68  PSDi<£max) 

PSDi<2£max>  . 

1 + 0.25  PSDiCfjjajj) 

PSD^AW)  ] 

°-06  PSD^foax)  •'•J  (A-3) 

With  the  expression  for  PSD^  from  Eq. 

22  the  term  In  brackets  represents  an  In- 
crease of  about  55Z  In  channel  thermal 
noise  pover  and  10%  In  photon  noise  power. 
With  these  sampling  effects  Included,  the 
frequency  f-^  m f*  at  which  channel  noise 
power  exceeds  photon  noise  power  is  16% 
lower  than  that  predicted  by  the  non- 
sampling  approximation.  Further  the  signal- 
to-noise  ratio  at  the  corrected  f*  is 
approximately  5%  lower  than  that  predicted 
at  the  uncorrected  f * with  the  non-sampling 
approximation.  This  decrease  is  due  to  in- 
creased photon  noise  due  to  noise  folding. 

While  one  would  like  to  avoid  the 
effects  of  noise  folding,  the  geometry  of 
the  array  will  determine  the  maximum  sample 
rate  relative  to  the  dwell  time.  If  nj  is 
the  maximum  number  of  CCD  bits  that  can  be 
placed  in  a space  equal  to  the  detector 
width  in  the  scan  direction  then: 

td  = 

and  if 

f _ Oti 

rmax  T(1  (A-5) 

we  will  have 

, 1 Hd_  . (A-6) 

s T “ 0.8  max 

so  that  if  nd  is  limited  to  2.4  for  a 2 mil 
detector 

fs  1 3£max  <A-?> 

An  acceptable  yield  with  smaller  CCD  bits 
would  allow  less  aliasing  and  noise  folding. 
The  inter-detector  spacing  would  of  course 
in  all  cases  be  adjusted  to  provide  an 
Integer  number  of  CCD  bits  between  inputs. 
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INJECTION  EFFICIENCY  IN  HYBRID  IRCCD'S 
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ABSTRACT.  In  this  paper  an  equivalent  circuit  approach  is  used  to  model  the  direct 
injection  hybrid  IRCCD.  The  injection  efficiency  is  calculated  as  a function  of  frequency 
up  to  10  MHz  for  different  values  of  detector  and  CCD  input  circuit  parameters.  The 
dynamic  effect  of  the  total  detector  current  on  the  injection  efficiency  is  taken  into 
account  by  a first-order  correction.  For  a typical  case,  a photodiode  with  a resistance 
of  5K  n,  a capacitance  of  20pF  and  CCD  input  trans conductance  of  500  ^mho  and  an  input 
capacitance  of  lpF,  an  injection  efficiency  of  ~ 67$  is  calculated  at  the  minimum  read 
frequency  of  1.3  k MHz. 


I . INTRODUCTION 

In  the  direct  injection  IRCCD,  the  photo- 
generated charge  is  directly  introduced 
into  the  CCD  shift  register  [1-5 i • Since 
this  is  in  effect  a DC  coupled  system, 
only  IR  detectors  which  exhibit  relatively 
small  DC  currents  (e.g.  photovoltaic, 
extrinsic  detectors)  can  be  coupled  to 
the  CCD  due  to  the  latter's  limited  charge 
handling  capacity.  A critical  parameter 
of  the  direct  injection  IRCCD  is  the 
injection  efficiency,  defined  as  the  ratio 
of  the  charge  introduced  into  the  CCD  to 
the  total  charge  generated  by  the  detector. 
In  this  paper,  the  frequency  dependence 
of  the  injection  efficiency  is  examined  as 
a function  of  the  detector  and  CCD  input 
parameters.  Since  different  IR  focal 
plane  scanning  organizations  (e.g.  star- 
ring, parallel,  serial)  operate  at 
different  rates  (from  30  Hz  to  6 MHz)  it 
becomes  very  important  to  be  able  to 
predict  the  injection  efficiency  at  the 
appropriate  frequency  in  order  to  calcu- 
late the  overall  performance  of  the  IRCCD. 

The  basic  direct  injection  concept  is 
illustrated  for  a hybrid  IRCCD  consisting 
of  a (Fb,Sn)  Te  photo-diode  and  an 
n-channel  CCD  (see  Fig.  l).  The  (Pb,Sn) 
Te/PbTe  heterostructure  [6]  is  particu- 
larly attractive  for  a hybrid  IRCCD  array 
since  integration  can  be  achieved  in  a 


relatively  simple  sandwich  structure  with 
full  use  of  the  detector  active  area  and 
requiring  no  interconnects  (see  Fig.  2). 

As  shown  in  Fig.  1,  the  IR  diode  is 
connected  in  parallel  to  a silicon  diode 
which  serves  as  an  input  tap  to  the  CCD. 

The  first  MOS  gate,  V_,  serves  to  reverse 
bias  both  diodes.  While  the  charge 
accumulates  under  the  storage  gate  V„,  it 
is  isolated  from  the  CCD  channel  by  the 
transfer  gate  Vm.  After  one  read  time, 
tp,  Vj  is  biased  into  inversion  and  the 
accumulated  charge  is  transferred  into 
the  CCD  channel. 

II.  EQUIVALENT  CIRCUIT  MODEL 

To  evaluate  the  direct  injection  effi- 
ciency, the  equivalent  load  presented  to 
the  detector  by  the  CCD  is  first  consid- 
ered. The  CCD  input  stage  is  effectively 
a MOSFET  with  the  input  diffusion  represen- 
ting the  source  and  the  potential,  , of 
the  inverted  surface  under  the  Vs  elec- 
trode, representing  the  drain.  Since  we 
want  the  charge  to  accumulate  under  the 
storage  electrode,  we  need  Vg  > V_,  thus 
driving  the  MOSFET  into  saturation. 

However,  the  saturated  drain  current  is 
not  free  to  take  the  value  it  normally 
would  in  the  grounded  source  MOSFET  con- 
figuration since  it  is  driven  by  the 
detector  current.  This  results  in  an 
increase  in  the  source  potential  required 
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to  satisfy  the  appropriate  current  flow 
Under  these  conditions  the  gate  and  drain 
voltages  must  be  referred  to  this  effec- 
tive source  potential.  Since  we  are  in 
the  saturation  region,  the  drain  conduc- 
tance g_  = = 0 and  the  input  conduc- 

D dVr. 

tance  seen  by^the  detector  is  given  by  the 
variation  of  the  drain  current  with 
changes  in  the  gate-to-source  voltage, 

V or  the  transconductance  «M-  » 

should  be  pointed  out,  however,  that  as 
charge  accumulates  under  Vg,  the  surface 
potential  decreases  to  the  point  where 
the  drain-to-source  potential  is  lower 
than  the  gate-to-source  potential  thus 
forcing  the  MOSFET  out  of  the  saturation 
regime.  As  the  drain-to-source  potential 
decreases  further  the  drain  current  will 
decrease  accordingly,  resulting  in  a 
potentially  very  useful  self- limiting 
action.  The  CCD  input  capacitance  is  the 
parallel  combination  of  the  source  diode 
capacitance,  channel  capacitance  and  gate- 
to-source  capacitance  with  the  latter 
being  the  dominating  factor  [8]. 


The  equivalent  circuit  for  the  detector/ 
CCD  input  circuit  can  thus  be  simply  shown 
as  in  Figure  3 , where  1^  is  the  detector 
current  (signal  + background  + dark  cur- 
rent) and  GD  and  CD  are  the  detector 
conductance  and  capacitance.  The  current 
flow  in  the  circuit  is  then  given  by 


V*2 


(l) 


1,  [Gd  ♦ SCp]-1  - 12  ♦ SC  r1  (2) 


where  ig  is  the  current  injected  into  the 
CCD.  The  injection  efficiency,  rj^. jj, 
defined  as  the  ratio  of  the  current  flow- 
ing into  the  CCD  over  the  total  detector 
current,  can  then  be  obtained  from 
Equations  (l)  and  (2): 

— I’ll 


9m 


INJ 


' ♦ C \21 

JD  + 9m  / J 

In  the  two  frequency  limits  the  injection 
efficiency  simplifies  to  the  expected 
resistance  and  capacitance  divider  network: 


ta)  ♦ 0 1 


- _ 

INJ  9~ns^" 

c„ 

INJ 


(5) 

(6) 


In  addition,  for  reasonably  good  photo- 
diode characteristics,  the  injection 
efficiency  is  well  approximated  in  the 
submegahertz  range  by 

(7) 


<i>  < 1 MHz 


W0* 


where  hINJ(o)  ts  defined  by  Equation  (5). 


III.  HYBRID  IRCCD  PARAMETERS 

For  a (Fb,Sn)  Te/FbTe  diode  sensitive  over 
the  entire  8-12  fim  region,  the  background 
phpton  flux  is  roughly  1 x 101  photons/ 
cm2 -sec  which  for  an  optical  area  of  5 x 5 
mils2  results  in  a background  current  of 
~2/jA.  The  mesa  structure  of  the  diode 
results  in  an  electrical  area  of  the 
detector  smaller  than  the  optical  area, 
giving  rise  to  effective  optical  gain. 

The  electrical  properties  of  the  device 
are,  therefore,  a function  of  the  electri- 
cal area  one  can  obtain  through  the  mesa 
etching.  Under  these  conditions  the 
detector  parameters  vary  typically  from 
U«1  to  10KIJ  for  Rp  and  10  to  100  pF  for 
Cn  at  an  effective  reverse  bias  of  the 
order  of  100  mV  [6].  The  total  detector 
current  at  this  bias  is  taken  to  vary 
from  10  JiA  (R-.  = 10K  tl ) to  100  fJA 

(Rjj  = 1KI1).  15 
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Pig.  2 Hybrid  IRCCD  Two  Chip  Device  Using  Inverted  Hetero junction 

Detector  Array. 


Pig.  3 Direct  Injection  Equivalent  Circuit  Model. 


As  a baseline  for  the  detector  parameters 
the  following  values  were  chosen: 

Gp  = 200  fl mho 
CD  = 20  pF 

and  a total  detector  current  of  20  /M. 

The  CCD  input  parameters  can  be  used 
within  a certain  range  as  design  para- 
meters for  the  optimization  of  the 
injection  efficiency.  The  transconduc- 
tance in  the  saturation  region  is  given 

by  171  / vi 

/2Z"nCox  - Y 


where  Z is  the  width  of  the  channel,  L 
is  the  length,  /j^,  is  the  electron  mobility 
at  the  temperature  of  operation,  is 
the  insulator  capacitance  per  unit  area 
and  In  is  the  saturated  drain  current 
USAT 

or  ±2-  Therefore,  it  can  be  seen  that 
since  g^  is  a function  of  the  injected 
current  the  injection  efficiency  depends 
both  statically  on  ^ as  in  eq  (3)  as 
well  as  dynamically  as  in  eq  (8). 

As  the  injection  efficiency  decreases  with 
frequency,  the  injected  current  decreases 
resulting  in  a lower  effective  g^  as  given 
by  eq  (8).  This  results  in  a lower 
as  by  eq  (3)  which  in  turn  results  in 
a still  lower  a and  so  on.  To  account 
for  this  iterative  effect,  a first  order 
correction  given  by  the  first  iteration 
was  used  in  the  calculation  of  g[n  and  then 
In  the  case  of  BLIP- limited  detec- 
tors where  the  background  current  is  the 
dominant  detector  current,  the  transcon- 
ductance and  thus  the  injection  efficiency 
would  be  related  to  the  background  photon 
flux  [3]. 

Both  the  transconductance  a and  the 
capacitance  Cgs  are  also  a function  of 
the  dimensions  of  the  input  tap  circuit. 
gm  is  directly  proportional  to  the  aspect 
ratio  of  input  channel,  while  Cgs  is  a 
function  of  the  overlap  area  between  the 
source  diffusion  and  the  input  gate  as 
well  as  of  the  insulator  thickness. 

Since  the  photodiode  capacitance,  Cp,  is 
generally  much  larger  than  Cgs,  the  input 
tap  channel  width  can  be  increased  to 
improve  the  trans conductance  without 
greatly  affecting  the  total  capacitance. 


This  can  be  best  accomplished  in  a 
"razorback"  type  CCD  [9]  where  the  dim- 
ensions of  the  input  tap  are  not  entirely 
dictated  by  the  CCD  cell  size.  In  parti- 
cular, the  aspect  ratio,  Z/L,  of  the 
input  tap  channel  can  be  varied  consider- 
ably. 

The  baseline  parameters  for  the  CCD 
input  tap  are  taken  to  be 

gm  = 500  fj mho 

C = lpF 
gs  ^ 

where  „ 

Z = 2.54  x 10  cm 

L = 2.54  x 10'3cm 
Z/L  = 10 

u (T7°K)  = 4 x hA  cm2/V-sec 
(see  ref.  [10 ]) 

C.  = 2.3  x 10‘8  F/cm2 


iD  = 20  fXA 


IV.  INJECTION  EFFICIENCY  CALCULATIONS 

The  injection  efficiency  versus  frequency 
is  plotted  as  a function  of  the  detector 
and  CCD  input  circuit  parameters  in  Fig- 
ures 4-6.  Curve  B of  Fig.  4 shows 
vs.  f for  the  baseline  parameters 
chosen  in  Sec.  Ill:  e = 500  |/mho, 

Gp  = 200^imho,  Cp  = 20pF,  Cgg  = l.OpF. 

As  pointed  out  in  Sec.  Ill,  a will  vary 
with  the  level  of  the  injected  current 
and,  therefore,  with  frequency.  The  gm 
parameter  shown  in  Figures  4-6  represents 
the  DC  value,  but  in  the  calculations  the 
corrected  gffi  is  used  at  each  frequency 
point.  The  arrow  on  this  curve,  as  well 
as  the  others,  indicates  the  minimum  read 
frequency  for  the  given  IRCCD  parameters 
at  which  direct  injection  can  take  place 
without  saturating  the  CCD  capacity 

..  h <f>  <f>  ‘p 


where  i„(f)  is  the  current  actually 
injected  at  a given  frequency  and  is 

the  maximum  charge  the  CCD  can  store, 
taken  here  to  be  lOpC.  Equation  (9)  was 
solved  iteratively  since  J7TNT  is  itself 
a function  of  frequency.  For  the  baseline 


88 


case,  curve  B in  Figure  It,  an  f*  = 

1.3  MHz  and  (f*)  = O.67  are  calcu- 
lated. The  other  curves  in  Fig.  4 are 
for  different  values  of  the  CCD  input 
circuit  parameters  generated  by  varying 
the  input  tap  channel  width.  In  this 
manner  both  the  aspect  ratio  and  the 
total  area  of  the  input  channel  are 
varied,  thus  affecting  simultaneously 
the  trans conductance  and  the  input  capa- 
citance. Curve  A was  generated  for  Z/L  = 
20,  resulting  in  a = 1 mmho  and  C = 
2pF.  Since  the  infection  efficiency  is 
now  higher  resulting  in  a larger  injected 
current,  the  minimum  read  frequency  also 
increases  to  f*  = 1.6  MHz  where  >?TNT  = 

0.8.  If  the  IRCCD  is  part  of  a serially- 
scanned  focal  plane  operating  at  a TV 
compatible  rate,  the  injection  efficiency 
at  say  5 MHz  is  >7  =<0.55  for  Curve  A 

and  j»0.27  for  Curve  B.  It,  there- 
fore, becomes  advantageous  to  have  a 
serial-parallel  system  where  one  can 
lower  the  frequency  by  the  number  of 
channels  and  thus  approach  as  much  as 
possible  the  optimum  frequency  of  opera- 
tion, f*.  It  is  also  obvious  by  com- 
paring the  curves  of  Fig.  4 that  a large 
W/L  ratio,  >10,  and  the  resulting  high 
trans conductance  is  required  in  order  to 
obtain  a reasonable  level  of  injection 
ef  f i ciency  ,>0.5. 


In  Fig.  5 the  injection  is  plotted  versus 
frequency  for  four  different  values  of 
detector  conductance.  The  detector  leak- 
age current  is  assumed  to  be  proportional 
to  the  detector  conductance  at  these 
levels.  This  in  turn  affects  g^,  since 
it  is  proportional  to  the  square  root  of 
the  injected  current.  Curve  B on  Fig.  4 
is  the  same  as  in  the  preceding  figure, 
namely  the  baseline  case, 
reduced  by  a factor  of  2, 
the  optimum  frequency  of  operation 
improves  almost  a factor  of  two  to  f*  = 
75O  KHz  and  (f*)  = 0.74.  It  is 
interesting  to  note  that  if  one  is  con- 
strained to  operate  at  frequencies  above 
4MHz,  it  becomes  advantageous  to  use  a 
detector  with  a higher  conductance  since 
it  will  have  a higher  in  that 

frequency  range. 


If  the  Gd  is 
as  in  Curve  A, 


Finally  in  Fig.  6,  the  effect  of  varying 
the  detector  capacitance  on  T}™.  vs  • f 
is  shown.  The  effect  of  a decrease  of  a 
factor  of  two  from  the  baseline  value  of 
Cp  can  be  seen  by  comparing  curves  A andB, 


The  f*  value  increases  by  only  5$  to 
1.4  MHz  where  77j„-  (f*)  = 0.7*  However, 
as  expected,  a much  stronger  effect  is 
observed  at  higher  frequencies  where  the 
role  of  the  capacitance  begins  to  domi- 
nate. At  5 MHz,  there  is  about  a factor 
of  two  difference  in  injection  efficiency 
between  the  two  top  curves.  Curves  C and 
D show  that  for  increases  in  C^  to 
respectively  50pF  and  lOOpF  the  perfor- 
mance is  progressively  degraded.  Even 
though  the  f*  decreases  with  C^,  Hjjjj  at 
f*  also  decreases  considerably  ana  in  the 
high  frequency  regime,  f >2  MHz,  the 
becomes  quite  small,  <0.25. 


CONCLUSIONS 


An  equivalent  circuit  model  of  the  direct 
injection  hybrid  IRCCD  has  been  presenteu 
and  analyzed.  Calculations  have  been 
performed  to  determine  the  frequency 
dependence  of  the  injection  efficiency 
as  a function  of  four  basic  parameters: 
detector  conductance  and  capacitance, 

CCD  input  tap  transconductance  and  capa- 
citance. Performance  at  the  minimum 
frequency  of  operation  has  been  estab- 
lished as  a function  of  the  same  para- 
meters. For  the  baseline  parameters  of 
gTt^  = 500  Jimho,  G_  = 200  [I mho,  C^  = 20pF 
and  Cgs  = lpF,  an  f*  = 1.34  MHz  and  77 
(f  = f*)  = O.67  are  calculated. 
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ABSTRACT  CID  image  sensors,  which  employ  intra-cell  transfer  and  injection  to  sense 
photon-generated  charge  at  each  image  site,  have  evolved  from  relatively  low  density 
sequential-injection  structures  to  high-speed,  high-density  arrays  capable  of  non- 
destructive readout.  A more  recent  readout  method,  termed  Parallel  Injection,  separates 
the  functions  of  signal  charge  detection  and  injection.  The  level  of  signal  charge  at 
each  sensing  site  is  detected  during  a line  scan, and,  during  the  line  retrace  Interval, 
all  charge  in  the  selected  line  is  injected.  The  injection  operation  is  used  to  reset 
(empty)  the  charge  storage  capacitors  after  line  readout  has  been  completed.  Non- 
destructive readout  is  possible  by  deferring  the  injection  operation. 

The  parallel  injection  technique  is  well  adapted  to  TV  scan  formats  in  that  the  signal 
is  read  out  at  high  speed,  line-by-line.  A 244  line  by  248  element  TV-compatible  imager 
employing  this  technique  has  been  constructed  and  operation  demonstrated. 

An  additional  improvement  in  the  CID  structure  has  been  the  replacement  of  the  opaque 
aluminum  electrodes  with  transparent  conductors.  Devices  fabricated  in  this  way  have 
achieved  quantum  efficiencies  in  the  order  of  70%  over  the  spectral  range  of  4000A  to 
8000A;  front  illuminated. 

The  coincident  voltage  selection  method  is  not  constrained  to  sequential  array  scanning. 
Spiral,  sub-raster,  or  "random"  scanning  can  be  implemented  with  appropriate  row  and  column 
selection  circuitry.  The  capability  of  repeated  readout,  during  or  subsequent  to  ex- 
posure, allows  a number  of  system  functions  not  previously  possible.  Time  exposures  can 
be  monitored  via  NDRO  and  terminated  when  the  desired  information  has  been  acquired. 
Signal-to-noise  performance  can  also  be  improved  through  repeated  readout  of  a stored 
image. 

INTRODUCTION 

In  contrast  to  CCD  Imagers,  in  which  the 
signal  charge  is  transferred  to  the  edge 
of  the  array  for  sensing,  the  CID  approach 
confines  this  charge  to  the  site  during 
sensing.  Site  addressing  is  done  by  an 
X-Y,  coincident  voltage  technique,  not  un- 
like that  used  in  digital  memory  struc- 
tures. In  the  basic  structure,  readout 
is  effected  by  injecting  the  charge  from 
individual  sites  into  the  substrate  and 
detecting  the  resultant  displacement  cur- 
rent. A number  of  variations  of  this 
technique  are  possible,  some  of  which  will 
be  described  below.  In  this  paper  we  de- 
scribe the  basic  CID  structure,  several 


site  selection  and  readout  techniques, 
and  CID  fabrication  methods.  Performance 
data  for  various  CID  structures  are  given 
and  discussed. 

* CID  imager  development  was  sponsored 
in  part  by  the  United  States  Army 
Electronics  Command,  Night  Vision  Labo- 
ratory, the  Advanced  Research  Projects 
Agency  (ARPA)  and  the  Air  Force  Systems 
Command,  United  States  Air  Force. 
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BASIC  DESCRIPTION 
CHARGE  INJECTION 

The  CID  Imaging  technique  requires  that  the 
collected  photon-generated  charge  be  ul- 
timately disposed  of  by  injection  into  the 
substrate.  Upon  Injection,  this  charge 
must  either  recombine  or  be  collected  to 
avoid  interference  with  subsequent  read- 
outs. For  the  high-lifetime  material 
usually  required  for  image  sensors,  recom- 
bination is  not  a suitable  method  of  charge 
disposition,  since  re-collection  of  this 
charge  can  give  rise  to  objectionable  image 
lag  and  crosstalk.  For  this  reason,  most 
CID  imagers  are  fabricated  on  epitaxial 
material.  The  epitaxial  junction,  which 
underlies  the  Imaging  array,  acts  as  a 
burled  collector  for  the  injected  charge. 

If  the  thickness  of  the  epitaxial  layer  is 
comparable  to  the  spacing  between  sensing 
sites,  almost  all  of  the  injected  charge 
will  be  collected  by  the  reverse  biased 
epitaxial  junction  and  injection  crosstalk 
is  avoided.  The  time  required  for  charge 
injected  at  the  surface  to  be  removed  from 
the  epitaxial  layer  has  been  determined 
analytically  and  experimentally  to  be  ap- 
proximately 100  nsec  for  the  conditions 
typically  used  in  the  CID.  The  effective 
thickness  of  the  epitaxial  layer  can  be 
adjusted  during  operation  by  varying  the 
junction  bias  voltage. 

The  use  of  the  buried  charge  collector 
also  modifies  the  spectral  response  and  MTF 
characteristics  in  a manner  that  will  be 
described  below. 

For  Intensified  applications,  where  it  is 
required  to  thin  the  silicon  substrate  for 
backside  illumination  by  electrons,  the 
epitaxial  structure  can  be  replaced  by 
charge  collectors  on  the  front  surface. 
These  take  the  form  of  a grid  of  diffused 
conductors  separating  the  rows  and  columns. 
CID  imagers  operated  in  this  fashion  ex- 
hibit injection  characteristics  quite 
similar  to  epitaxial  devices. 

SEQUENTIAL  INJECTION 

An  array  designed  for  sequential  injection 
which  Includes  Integral  scanning  shift 
registers  is  diagrammed  in  Fig.  1 (a). 

Each  sensing  site  consists  of  two  MOS 
capacitors  with  their  surface  inversion 
regions  coupled  such  that  charge  can 


Fig.  1 Basic  accessing  scheme,  (a)  sch- 
matic  diagram  of  array,  (b)  sensing  site 
cross-section  showing  silicon  surface 
potentials  and  charge  locations. 

I I 

readily  transfer  between  the  two  storage 
regions.  A large  voltage  is  applied  to 
the  row-connected  electrodes  so  that 
photon-generated  charge  collected  at  each 
site  is  stored  under  the  row  electrode, 
thereby  minimizing  the  capacitance  of  the 
column  lines.  The  sensing  site  cross- 
sections,  Fig.  1 (b) , illustrate  the  sili- 
con surface  potentials  and  locations  of 
stored  charge  under  various  applied  voltage 
conditions. 

A line  is  selected  for  readout  by  setting 
its  voltage  to  zero  by  means  of  the  verti- 
cal scan  register.  Signal  charge  at  all 
sites  of  that  line  is  transferred  to  the 
column  capacitors,  corresponding  to  the 
Row  Enable  condition  shown  in  Fig.  1 (b). 

The  charge  is  then  injected  by  driving  each 
column  voltage  to  zero,  in  sequence,  by 
means  of  the  horizontal  scan  register  and 
the  signal  line.  The  basic  signal  is  con- 
tained in  the  majority-carrier  displace- 
ment current  that  flows  upon  injection  of 
the  stored  charge.  This  signal  can  be 
detected  anywhere  in  the  loop  composed  of 
the  substrate,  driver  circuit,  and  the 
driven  array  lines.  In  general,  the  array 
lines  provide  the  lowest  capacitance  en- 
vironment for  signal  detection.  Charge  in 
the  unselected  lines  remains  under  the  row- 
connected  electrodes  during  the  Injection 
pulse  time  (column  voltage  pulse).  This 
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corresponds  to  the  half  select  condition 
of  Fig.  1 (b). 


This  readout  method  has  been  termed 
"sequential  injection"  since,  regardless 
of  the  scan  geometry,  the  charge  at  the 
storage  sites  is  injected  in  time  sequence. 

PARALLEL  INJECTION 

In  this  readout  technique,  the  functions 
of  signal  charge  detection  and  injection 
are  separated.  The  level  of  signal  charge 
at  each  sensing  site  is  detected  by  intra- 
cell transfer  during  a line  scan  and,  dur- 
ing the  line  retrace  interval,  all  charge 
in  the  selected  line  can  be  injected. 

A diagram  of  4 X 4 array  designed  for  par- 
allel injection  is  illustrated  in  Fig.  2 
with  the  relative  silicon  surface  poten- 
tials and  signal  charge  locations  Included. 
As  before,  the  voltage  applied  to  the  row 
electrodes  is  larger  than  that  applied  to 
the  column  electrodes  to  prevent  the  signal 
charge  stored  at  unaddressed  locations  from 
affecting  the  column  lines.  At  the  begin- 
ning of  a line  scan,  all  rows  have  voltage 
applied  and  the  column  lines  are  reset  to 
a reference  voltage,  VB,  by  means  of 
switches  Si  through  S4  and  then  discon- 
nected. Voltage  is  removed  from  the  line 
selected  for  readout  (X3  in  Fig.  2)  causing 
the  signal  charge  at  all  sites  of  that  line 
to  transfer  to  the  column  electrodes.  The 
voltage  on  each  floating  column  line 
changes  by  an  amount  equal  to  the  signal 
charge  divided  by  the  column  capacitance. 
The  horizontal  scanning  register  is  then 
operated  to  scan  all  column  voltages  and 
deliver  the  video  signal  to  the  on-chip 
preamplifier,  Qi.  The  input  voltage  to  Qi 
is  reset  to  a reference  level  prior  to  each 
step  of  the  horizontal  scan  register. 

At  the  end  of  each  line  scan  all  charge  in 
the  selected  line  can  be  injected  simulta- 
neously by  driving  all  column  voltages  to 
zero  through  switches  Si  through  S4.  Al- 
ternatively, the  Injection  operation  can 
be  omitted  and  voltage  reapplied  to  the 
row  after  readout  causing  the  signal  charge 
to  transfer  back  under  the  row  electrodes. 
This  action  retains  the  signal  charge  and 
constitutes  a nondestructive  readout  oper- 
ation. 

The  parallel  injection  approach  permits 
high  speed  readout  and  is  thus  well  adapted 


Fig.  2 Schematic  diagram  of  a CID  array 
designed  for  parallel-injection  readout. 
Surface  potentials  and  charge  locations 
are  Included. 

to  TV-scan  formats,  and  offers  optional 
nondestructive  readout.  A 244  line  by 
248  element  imager,  employing  this  tech- 
nique and  including  an  on-chip  preamplifier, 
has  been  designed,  fabricated,  and  evaluated 
in  both  the  normal  and  nondestructive  read- 
out mode. 

For  TV-compatible  operation,  a line  time 
interval  of  63  micro  seconds  (5  MHz  element 
rate)  is  used  and  the  vertical  scan  rate 
is  60  scans  per  second.  The  image  is 
completely  read  out  during  each  interlaced 
field  of  the  standard  TV  frame  such  that 
video  is  displayed  on  all  488  active  lines 
of  the  525  line  system. 

ARRAY  FABRICATION 

To  date,  most  CID  imagers  have  been  fabri- 
cated with  a p-channel,  silicon-gate  pro- 
cess modified  to  provide  a top  contact  to 
the  epitaxial  layer.  The  disadvantages  of 
this  method  are  requirements  for  a diffused 
area  and  an  interlevel  contact  at  each 
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sensing  site.  This  results  In  some  signal 
degradation  as  well  as  an  area  penalty. 
Both  of  these  problems  have  been  overcome 
by  a design  which  employs  an  overlapping- 
electrode  structure  for  charge  transfer. 
This  technique  Is  now  being  used  to  make 
high-denslty  CID  imagers.  This  method 
permits  simultaneous  fabrication  of  active 
devices  for  array  scanning  and  can  include 
highly  transparent  upper-level  electrodes 
for  improved  spectral  sensitivity  (1). 


PERFORMANCE 


SENSITIVITY 


Sensitivity  as  a function  of  wavelength 
for  both  the  bulk  and  pitaxial  100  X 100 
structures  is  plotted  in  Fig.  3 (lower 
curves).  The  sensitivity  of  the  epitaxial 
structure  is  about  half  that  of  the  bulk 
imager  in  the  visible  region  of  the  spec- 
trum. This  sensitivity  reduction  reflects 
collection  by  the  epitaxial  junction  of 
some  of  the  signal  charge  generated  in  the 
space  between  sensing  sites.  Thus,  some 
of  the  indicated  sensitivity  loss  is  not 
a real  loss  in  that  it  represents  loss 
of  charge  that  was  contributing  to  cross 
talk  in  the  bulk  sample.  The  somewhat 
greater  loss  in  the  infrared  region  is  to 
be  expected  because  of  the  deeper  photon 
penetration  at  these  wavelengths. 


The  upper  curve  shows  the  sensitivity 
improvement  resulting  from  the  use  of  a 
highly  transparent  material  for  the  upper 
level  in  an  overlapping  electrode  con- 
figuration. Since  this  data  was  taken 
using  a bulk  imager,  it  should  be  compared 
to  a standard  bulk  results  (middle  curve). 
Of  particular  significance  is  the  greatly 
increased  blue  response  which  results  from 
the  substitution  of  the  transparent  mate- 
rial for  a large  portion  of  the  polys il icon 
gate-electrode  material. 


BLOOMING 


The  CID  structure  is  resistant  to  image 
blooming  since  each  sensing  site  is 
electrically  isolated  fran  its  neighbors. 
Charge  spreading  in  the  substrate  is 
minimized  by  the  underlying  charge  col- 
lector. 


In  sequential  injection,  blooming  of  the 
displayed  image  occurs  if  charge  is  in- 
jected from  a half-selected  site  during 
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Fig.  3 Sensitivity  as  a function  of  wave- 
length of  incident  radiation, 
readout  of  another  site  on  the  same  col- 
umn. This  excess  injected  charge  is  de- 


tected as  signal  and  adds  to  the  displayed 
video.  This  results  in  brightening  of  the 
affected  column  upon  overload  of  a single 
site. 


The  image  displayed  in  the  parallel  in- 
jection approach  exhibits  relatively  little 
blooming  as  a result  of  sensing  site  over- 
load. This  is  because  the  half-select  and 
injection  operations  occur  during  the  hori- 
zontal blanking  interval.  While  excess 
charge  can  accumulate  during  a line  scan 
interval  and  cause  column  brightening  for 
overloads  occurring  in  the  right-hand 
portion  of  the  image  field,  this  effect  is 
attenuated  by  the  line-to-frame  integration 
time  ratio. 


For  NDRO  operation,  virtually  no  blooming 
occurs,  since  the  charge  is  not  injected. 
The  affected  sites  fill  to  capacity  and 
cease  collecting  charge.  In  all  cases, 
radial  spreading  of  excess  charge  is  pre- 
vented by  the  underlying  charge  collector. 


The  image  shown  in  the  photograph.  Fig.  4 
was  produced  by  a 244  X 188  CID  imager 
exposed  to  a high  contrast  scene.  This 
particular  camera  uses  a modified  parallel 
injection  readout  method  that  is  highly 
resiatent  to  image  blooming,  as  indicated 
by  the  image  of  the  automobile  head  lamps. 


Fig.  4 CID  Image  of  high-contrast  scene. 
MODULATION  TRANSFER  FUNCTION 


Since  each  sensing  site  Is  electrically 
Isolated  from  adjacent  sites,  the  MTF  of 
CID  Imagers  Is  Intrinsically  quite  high. 
This  electrical  isolation  Is  maintained 
for  both  the  charge  collection  and  read- 
out operations;  the  epitaxial  charge 
collector  inhibits  charge  migration  In 
the  substrate,  and  there  is  no  MTF  loss 
effects  due  to  site-to-site  transfer  dur- 
ing readout.  Imagers  made  on  high-lifetime 
bulk  material  do  exhibit  loss  of  MTF  to  a 
degree  dependent  on  the  carrier  lifetime 
of  the  particular  material  used.  Image 
lag  would  occur  in  a like  fashion.  Since 
the  use  of  an  epitaxial  collector  reduces 
the  measured  sensitivity,  particularly  for 
the  longer  wavelengths,  a trade-off  situa- 
tion exists  in  the  design  of  the  structure. 
By  adjusting  the  epitaxial  thickness  with 
relation  to  the  site  separation,  these  two 
performance  characteristics  can  be -tailored 
to  a particular  application.  The  sensi- 
tivity loss  of  the  epitaxial  structure  in 
the  100  X 100  imager,  as  shown  in  Fig.  3, 
illustrates  this  effect.  In  this  case, 
epitaxial  thickness  is  small  compared  to 
the  site  separation,  resulting  in  about  a 
two-to-one  loss  in  measured  sensitivity. 
This  same  imager  exhibits  an  in-phase  MTF 
of  nearly  100%  at  the  Nyqulst  limit. 

NOISE  SOURCES 

The  primary  temporal  noise  sources  in  CID 
imagers  are  amplifier  noise,  capacitor- 


reset  (KTC)  noise,  and  bias  charge  shot 
noise.  Unlike  the  CCD,  the  CID  has  neg- 
ligible charge  transfer  noise.  The  capac- 
ative  load  seen  by  the  signal  charge  can 
be  reduced  by  the  use  of  an  on-chip  MOSFET 
as  the  first  stage  of  the  video  amplifier. 
This  device  should  have  high  transconduc- 
tance for  reduced  Johnson  noise  (2)  and  a 
large  channel  area  for  reduced  1/f  noise 

(3) .  In  most  applications  1/f  noise  is 
not  a serious  problem  since  correlated 
double  sampling  can  be  used  to  attenuate 
noise  components  that  are  lower  in  fre- 
quency than  the  sampling  rate.  This 
technique  also  eliminates  KTC  noise  in 
many  cases.  In  the  parallel  injection 
readout  method,  the  column  reaet  awitches 
Introduce  KTC  noise  that  is  not  rejected 
by  correlated  double  sampling. 

Theoretical  amplifier  noise  levels  are  on 
the  order  of  a few  hundred  carriers  in  the 
CID,  while  KTC  noise  can  be  negligible  or 
the  predominant  noise  source,  depending  on 
the  specific  array  design  and  readout 
method.  Noise  in  the  bias  charge  can  be 
of  the  same  order  as  amplifier  nolae. 

DARK  CURRENT 

A critical  performance  factor  in  image 
sensors  is  the  magnitude  of  thermally 
generated  charge,  cosnonly  called  dark 
current.  In  addition  to  reducing  charge 
storage  capacity,  dark  current  limits 
integration  time,  and  can  contribute  to 
undesirable  background  patterns  in  the 
displayed  image.  Random  fluctuations  in 
the  dark  current  contribute  to  system 
noise.  While  cooling  the  sensor  can  re- 
duce dark  current,  the  additional  system 
complexity  is  not  desirable  for  most  sys- 
tem applications. 

In  the  CID,  significantly  more  silicon 
area  can  be  used  for  photon  charge  gen- 
eration than  for  charge  storage  and  read- 
out. Since  the  charge  generation  rate  in 
non-depleted  bulk  silicon  la  orders  of 
magnitude  less  than  in  depleted  silicon 

(4)  the  CID  collects  photon-generated 
charge  from  virtually  the  entire  aite  area 
while  generating  dark  only  in  the  storage 
area. 

CID  arrays  are  operated  with  a bias  volt- 
age somewhat  higher  than  the  threshold 
voltage  to  allow  the  accumulation  of  a 
bias  charge  in  the  storage  area.  This 
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OTHER  FEATURES 
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inhibits  charge  pumping  losses  during 
readout  and  also  results  in  an  additional 
reduction  in  dark  current,  since  surface 
leakage  is  much  smaller  under  inversion 
conditions  than  under  depleted  conditions 
(5). 

Thermal  charge  generation  rates  in  a 
typical  100  X 100  CID  imager  for  various 
operating  conditions  are  shown  in  Fig.  5. 
Mlmlmum  dark  current  results  from  biasing 
the  storage  electrodes  such  that  charge 
is  stored  under  both  electrodes.  Fig.  5(a). 
If  one  of  the  storage  regions  is  operated 
in  depletion,  the  Increased  surface  leakage 
in  this  region  results  in  a higher  dark 
current,  as  shown  in  Fig.  5(b).  The  effect 
of  temperature  on  charge  generation  rate  is 
also  shown  in  Fig.  5.  A reduction  in  tem- 
perature of  twenty  degrees  Celsius  results 
in  a tenfold  decrease  in  the  rate  of  charge 
accumulation.  This  relationship  has  been 
found  to  hold  over  a wide  range  of  tempera- 
tures and  amounts  to  a two-to-one  change 
in  charge  buildup  for  each  six-degree 
change  in  temperature. 


INTEGRATION  TIME.  5*C  (SEC) 


Fig.  5 Thermal  charge  buildup  as  a function 
of  time  and  temperature,  with  a)  both 
storage  regions  Inverted,  and  b)  one  region 
depleted. 


RANDOM  SELECTION 

Certain  imaging  applications,  such  as  those 
involving  bandwidth  compression,  could  be 
much  more  effectively  Implemented  if  the 
primary  image  information  could  be  made 
available  in  other  than  the  progressive 
scan  format  employed  by  most  currently 
available  imaging  devices.  The  X-Y,  co- 
incident voltage  configuration  of  the  CO 
makes  it  easily  adaptable  to  special  scan 
formats,  including  "random"  addressing, 
in  which  each  sensing  site  can  be  addressed 
without  regard  to  its  time  or  spatial  se- 
quence with  respect  to  other  sites  in  the 
array.  In  many  respects,  image  site  selec- 
tion in  the  CID  resembles  MOS  memory  selec- 
tion, and  many  of  the  decoding  techniques 
developed  for  these  memories  could  be  ap- 
plied to  random  access  imagers.  Charge 
could  be  injected  during  readout  in  the 
manner  of  sequential  injection  or  deferred 
to  a later  time  as  is  done  in  parallel 
injection.  Charge  integration  time  could 
be  held  constant  for  all  sites  in  the  ar- 
ray by  having  the  site  selection  pattern 
repeat  frame-to-frame,  or,  conversely,  the 
integration  time  for  particular  sites  could 
be  tailored  to  local  scene  brightness. 

NONDESTRUCTIVE  READOUT 

The  nondestructive  charge  readout  tech- 
nique of  Tiemann,  et  al  (6) , can  be  ef- 
fectively applied  to  CID  Imagers.  This 
fact,  combined  with  low  dark  current  per- 
formance , make  image  storage  in  the  CID 
array  a practicality.  To  demonstrate  this, 
a cooled  244  X 248  CID  imager  has  been 
operated  in  a nondestructive  readout  mode 
for  three  hours  at  30  frames/second  with 
no  apparent  degradation  of  the  stored  image 
other  than  a slight  increase  in  background 
charge.  The  charge  loss  during  this  ex- 
periment was  estimated  to  be  much  less  than 
one  carrier  per  pixel  per  frame. 

In  a second  experiment,  a series  of  ex- 
posures was  made  at  successively  lower 
light  levels  while  operating  at  30  frames/ 
second,  NDRO.  The  time  to  reach  a given 
level  of  signal  was  recorded  for  each  ex- 
posure. Exposure  time  was  found  to  be 
inversely  proportional  to  light  intensity 
with  no  measurable  reciprocity  loss  down 
to  light  levels  in  the  order  of  two  carriers 
per  pixel  per  frame. 
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CONCLUSIONS 

The  CID  approach  leads  to  many  desirable 
performance  characteristics,  Including  high 
sensitivity  over  a wide  spectral  range,  lew 
dark  current,  high  HTF,  and  resistance  to 
blooming  — In  a structure  that  is  tolerant 
to  defects  and  permits  many  design  options 
such  as  nondestructive  readout  and  random 
scanning.  On  balance,  these  features  more 
than  compensate  for  Its  relatively  high 
thermal  noise  level  as  compared  to  that 
reported  for  other  approaches, 
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ABSTRACT:  The  first  of  a new  generation  of  buried  channel  CCD  area  image  sensors 
based  on  a gapless  silicon-gate  technology  has  been  developed.  The  first  product  to  be 
completed  is  a 190  x 244  element  device  which  is  the  successor  to  a similar  device  pre- 
viously developed  in  undoped  polycrystalline  silicon  isolation  technology.  In  addition  to 
the  area  array,  which  uses  the  interline  transfer  system,  the  device  includes  a floating 
gate  output  amplifier,  a distributed  floating  gate  output  amplifier,  two  electrical  inputs 
and  a column  antiblooming  structure.  The  device  has  been  operated  at  data  rates 
greater  than  three  times  the  design  center  of  7 MHz.  At  low  light  levels  images  of  half 
Nyquist  frequency  bar  patterns  have  been  observed  at  signal  levels  of  less  than  30 
electrons. 


INTRODUCTION 

A new  generation  of  processing  technology 
has  been  applied  to  an  improved  design  of 
a 190  x 244  element  Charge  Coupled  Area 
Imaging  Device  (CCAID).  This  device, 
the  AID244  is  a member  of  a family  of 
CCAID' s which  have  been  developed  during 
the  past  two  years,  using  the  interline 
transfer  system  and  undoped  polycrystal- 
line gate  isolation  technology.  In  this 
paper  the  design  aspects,  processing 
technology,  antiblooming  characteristics 
and  low  light  level  performance  of  the 
device  will  be  discussed. 

DEVICE  DESIGN 

The  front  side  illuminated  area  array 
using  the  interline  transfer  systemO) 
has  been  retained  in  the  design  of  the  new 
device  family.  One  hundred  ninety 
columns  of  244  elements  alternating  with 
optically  insensitive  vertical  shift  regis- 
ters, form  the  array  of  the  AID244  device. 
Two  other  members  of  the  new  family  of 
gapless  technology  devices  are  currently 

♦Currently  with  the  Department  of  Elec- 
trical Science,  The  Korea  Advanced 
Institute  of  Science,  Seoul,  Korea 


in  development.  A gapless  version  will 
supersede  the  Fairchild  CCD201,  a 100  x 
100  element  device,  introduced  almost 
two  years  ago.  A larger  device  designed 
with  380  columns  of  488  elements  is  being 
developed  for  full  frame  NTSC  TV  com- 
patible performance. 

The  overall  organization  of  the  AID244  is 
shown  in  Fig.  1.  The  optically  sensitive 
area  of  the  array,  detailed  in  Fig.  2 has 
an  aspect  ratio  of  4:3.  A diagonal  of  7.  2 
mm  makes  the  device  compatible  with 
lenses  designed  for  the  super  8 mm  for- 
mat. The  photoelement  cell  size  is  14  um 
x 18  um  with  4 jim  of  vertical  overlap  in 
the  channel  stop  and  16  um  of  horizontal 
separation  due  to  the  interleafed  vertical 
shift  registers.  These  dimensions  are 
compatible  with  the  resolution  and  align- 
ment capabilities  of  the  fabrication  pro- 
cess developed  for  this  family  of  devices. 
The  output  signal  format  provides  two 
interlaced  fields  of  line  sequential  infor- 
mation in  conventional  left  to  right,  top 
to  bottom  TV  sequence.  Two  output 
amplifiers  are  provided  in  the  AID244 
design.  A single  stage  floating  gate 
amplifier  (SFGA)  provides  an  output  level 
of  300  mV  into  a 510  fi  load  for  near 
saturation  level  signals  at  the  7.  16  MHz 
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Fig.  1 A1D244  Organization 


data  rate.  The  floating  gate  amplifier 
design  was  chosen  for  the  AID244  because 
it  provides  a video  signal  free  from  reset 
noise  and  operates  with  a randorrcnoise 
level  of  less  than  10Z  electrons. A 
twelve  state  distributed  floating  gate 
amplifier  (DFGA)  is  provided  for  very 
low  light  level  applications.  The  DFGA 
features  two  outputs,  one  of  which  is 
delayed  from  the  other  by  half  a horizon- 
tal clock  period.  By  summing  these  out- 


puts off  chip,  clock  voltage  components  in 
the  video  output  are  cancelled.  Details  of 
the  amplifier  design  are  discussed  in 
another  paper  presented  at  this  conference 
by  D.  Wen. 

Two  linear  electrical  input  circuits  are 
used  in  the  AID244  design,  one  associated 
with  the  input  shift  register  and  the  other 
with  the  horizontal  shift  register.  The 
latter  is  intended  primarily  as  a test  tool 
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Fig.  2 AID244  Area  Array  Detail 

for  calibrating  the  DFGA  signal  level, 
while  the  former  is  intended  for  applica- 
tion of  the  device  as  an  SPS  analog  shift 
register.  Both  input  transducers  are 
identical  in  design,  and  are  represented 
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Fig.  3 AID244  Input  Structure 
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by  the  cross  section  in  Fig.  3.  This  is 
similar  to  the  input  system  referred  to  by 
Tompsett'^'  as  the  charge  equilibration 
method,  in  which  the  input  source  (0IR)  is 
pulsed  to  a low  voltage  to  inject  charge 
across  a barrier  formed  under  GDCI,  the 
DC  control  gate.  Then  the  source  is 
reversed  biased  and  drains  back  the  excess 
charge.  The  input  signal  is  impressed  on 
the  analog  input  gate  (GAI)  and  controls  or 
modulates  the  flow  of  charge  to  the  channel. 
Fig.  4A  shows  input  and  output  ramp 
excitation  waveforms.  The  full  signal 
range  linearity  from  the  input  register  to 
the  output  is  shown  in  Fig.  4B.  Approxi- 
mately 1500  mV  of  input  signal  swing  is 
required  to  achieve  the  maximum  linear 
output  signal.  The  nonlinearity  for  90% 
saturation  is  less  than  3%. 
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Fig.  4 Electrical  Input  Characteristics 
FABRICATION  TECHNOLOGY 

The  performance  of  CCAID’s,  particu- 
larly at  low  light  levels,  is  strongly 
influenced  by  the  fabrication  technology 
employed.  Buried  n-channel  technology 
is  used  for  all  Fairchild  CCAID's,  i.  e.  , 
an  n-type  layer  is  ion  implanted  in  a 
p-type  substrate.  P+  doped  channel  stops 
define  the  photosite  regions  and  the  CCD 
register  channels.  The  photoelectron 
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charge  packets  are  moved  within  the  bulk 
silicon.away  from  the  silicon- silicon 
dioxide  interface.  Since  they  do  not  con- 
tact surface  states  at  the  interface,  a fat 
zero  charge,  which  is  needed  in  surface- 
channel  devices  to  obtain  high  transfer 
efficiency,  is  not  required  in  this  tech- 
nology. Furthermore,  the  location  of  the 
channel  in  the  bulk  of  the  silicon  subjects 
the  photoelectrons  to  a stronger  horizon- 
tal component  of  the  clock  electrode  field 
than  it  has  near  the  surface.  This  fringe 
field  aids  carrier  transport  and  results  in 
improved  transfer  efficiency,  particularly 
at  high  frequencies.  The  transfer  effi- 
ciency of  the  AID244  at  a 20  MHz  data 
rate  has  been  measured  to  be  0.9998. 

Undoped  poly  crystalline  silicon  gate  iso- 
lation technology  previously  applied  to 
similar  CCAID's  has  been  replaced  by 
gapless  technology  in  the  AID244. 


by  misalignment  of  the  gates  with  respect 
to  the  barrier  in  the  undoped  gate  isola- 
tion process.  Potential  well  irregulari- 
ties due  to  the  misalignment  have  caused 
poor  transfer  efficiency  at  low  signal 
levels  and  at  high  operating  frequency  in 
devices  manufactured  with  undoped  poly- 
silicon isolation  technology.  In  the  gap- 
less polysilicon  isolation  technology  sili- 
con oxide  provides  the  electrical  isolation 
between  gate  electrodes,  whereas  undoped 
polysilicon  provided  this  function  in  the 
older  technology.  The  insulating  charac- 
teristics of  silicon  oxide  are  superior  to 
those  of  undoped  polysilicon,  particularly 
after  subsequent  high  temperature  pro- 
cessing cycles  required  to  fabricate  the 
device.  Reductions  in  gate  to  gate  shorts 
and  leakage  have  been  observed  on  devices 
manufactured  with  the  new  technology. 

BLOOMING  SUPPRESSION 


Two  principal  advantages  are  attained 
with  the  gapless  polys ilicon  gate  isolation 
technology  of  Fig.  5,  which  uses  two 
levels  of  polysilicon  to  form  the  gate 
electrodes.  The  first  level  of  polysilicon 
is  deposited  on  the  gate  dielectric  over 
the  substrate  which  already  contains  the 
N-channel  but  no  implanted  barriers. 

This  layer  is  patterned  to  form  the  Vj  and 
V2  electrodes  over  the  non-barrier  sec- 
tions of  the  channel.  The  barrier  implant, 
following  next  in  the  fabrication  cycle,  is 
masked  by  these  electrodes,  providing 
truly  self  aligned  barriers. for  2 phase 
shift  register  operation.  ' ' A second 
layer  of  polysilicon  is  subsequently  used 
to  form  the  electrodes  over  barrier  sec- 
tions of  the  channel.  This  self  alignment 
of  the  barrier  to  the  gate  electrodes  elimi- 
nates potential  well  irregularities  caused 
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Fig.  5 Gapless  Polysilicon  Gate 
Isolation  Cross  Section 


A column  antiblooming  technique  has  been 
successfully  applied  in  the  design  of  the 
A1D244.  The  function  of  the  antiblooming 
structure  is  to  prevent  excess  carriers 
generated  by  overexposure  of  one  or  more 
photosites  in  a column  from  spreading  to 
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Fig.  7 Blooming  Suppression  Charac 
teristics 


adjacent  columns.  A sink  for  excess 
carriers  is  provided  at  the  top  and  bottom 
of  each  vertical  shift  register,  as  shown 
in  Fig.  6.  At  the  top,  above  the  last 
photosite,  between  the  horizontal  output 
register  and  the  area  array,  a line  of  N+ 
regions  is  diffused  into  the  structure. 
These  N+  carrier  sinks  are  electrically 
separated  from  the  vertical  shift  register 
by  a barrier.  The  N+  regions  are  con- 
nected together  by  metallization  and  con- 
nected to  the  antiblooming  terminal.  When 
an  appropriate  positive  bias  is  applied  to 
the  antiblooming  terminal,  any  carriers 
exceeding  the  barrier  potential  will  be 
removed  before  they  can  reach  the  hori- 
zontal output  register,  where  lateral 
spreading  would  occur.  At  the  bottom  of 
each  column  the  horizontal  input  register, 
appropriately  biased,  provides  a similar 
sink.  In  Fig.  7 the  device  performance 
with  and  without  blooming  suppression  is 
compared.  The  intensity  of  a light  spot 
approximately  six  elements  wide  was 
varied  from  near  saturation  to  103  times 
saturation  and  1.6  x 104  saturation.  At 
10-*  times  saturation  severe  image 
degradation  occurred  over  the  entire  pic- 
ture area  without  blooming  suppression; 
with  antiblooming  bias  applied,  the  image 
degradation  was  limited  to  about  10%  of 
the  picture  area.  At  1.  6 x 104  times 
saturation  exposure  the  device  was  com- 
pletely flooded  without  antiblooming, 
while  75%  of  the  image  remained  unaf- 
fected with  antiblooming.  Some  evidence 
of  lens  flare  is  evident  in  Fig.  7,  causing 
the  diagonal  white  streaks  emanating  from 
the  fiberoptic  light  source  used  to  generate 
the  overload  image. 


LOW  LIGHT  LEVEL  PERFORMANCE 

Low  light  level  performance  of  the  AID244 
has  been  demonstrated  under  a variety  of 
conditions.  Application  of  the  device  to 
low  light  level  cameras  and  results  ob- 
tained are  reported  in  a paper  by 
K.  Hoagland  and  H.  Balapole  at  this  con- 
ference. 

In  all  cases  custom  designed  electronic 
systems  consisting  of  drive  electronics 
and  video  processors  were  used.  Details 
of  these  systems  are  beyond  the  scope  of 
this  paper  but  it  must  be  emphasized  that 
careful  attention  to  both  systematic  and 
random  noise  is  essential  to  avoid  shading 


and  noise  patterns  and  to  minimize  ran- 
dom noise. 

In  all  tests,  the  calibration  technique  was 
based  on  the  'measurement  of  output 
register  current  for  images  near  the 
saturation  charge  level  of  3 x 103  elec- 
trons per  pixel.  Single  neutral  density 
filters  and  lens  diaphragm  settings  were 
used  to  reduce  the  image  intensity.  Room 
temperature  and  cooled  measurements 
have  been  made  using  the  DFGA  output. 
Images  of  half  Nyquist  frequency  bar  pat- 
terns were  observed  with  highlight  charge 
packets  of  25  electrons  at  0°C.  Fig.  8 
shows  images  obtained  at  -10°C  for  signal 
levels  ranging  from  near  saturation  to  25 
electron  highlight  charge  packets.  Equiva- 
lent images  at  room  temperature  required 
about  twice  as  much  signal  charge  as 
required  at  -15°C.  The  signal  level  in 
the  25  electron  image  of  Fig.  8G  is  less 
than  the  noise  equivalent  signal. 

CONCLUSION 

The  application  of  gapless  polysilicon  gate 
isolation  technology  to  a 244  x 190  ele- 
ment CCAID  has  improved  the  low  light 
level  performance  characteristics  of  the 
device,  to  provide  useful  images  with 
charge  packets  of  25  electrons.  Fabri- 
cation yields  obtained  with  this  technology 
are  now  making  commercial  introduction 
of  the  device  possible. 

A new  distributed  floating  gate  amplifier 
provides  suppression  of  clock  signals  to 
the  video  output  further  enhancing  the  low- 
light  level  performance  of  the  device. 

New  design  features,  such  as  a linear 
electrical  input  and  column  antiblooming 
are  expected  to  extend  the  range  of  appli- 
cations for  this  family  of  devices. 
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LOW  LIGHT  LEVEL  PERFORMANCE  OF  CCO  IMAGE  SENSORS 
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ABSTRACT  This  paper  reports  the  low  light  level  performance  of  CCD  image 
sensors.  Theoretical  limitations  of  transfer  efficiency  for  small  charge 
packets  in  CCD  shift  registers  are  reviewed.  Low  noise  charge  detection 
techniques  are  discussed.  Specifically,  the  operation  of  a distributed 
floating-gate  amplifier  (DFGA)  is  described.  A DFGA  employs  several  charge 
amplifiers  which  repeatedly  sense  a signal  charge  packet  in  a CCD.  The  out- 
puts of  the  charge  amplifiers  are  coherently  summed  In  a second  CCD  shift 
register.  Signal-to-noise  ratio  is  improved  so  that  extremely  small  charge 
packets  can  be  detected. 

Low  light  level  imaging  performance  of  both  linear  and  area  arrays  are  re- 
ported. The  linear  array  contains  1 728  photoelements  and  uses  a single-stage 
floating-gate  amplifier  (FGA)  as  the  on-chip  detector.  The  area  array  has 
244  x 190  photoelements  and  contains  a twelve-stage  DFGA  and  an  FGA. 

Both  arrays  employ  two-phase,  buried  channel  CCD  shift  registers.  Low  light 
level  images  at  50  and  25  electron  levels  have  been  achieved  with  the  linear 
and  area  sensors,  respectively. 


INTRODUCTION 

The  low  light  level  performance  of  CCD 
image  sensors  is  reported  in  this  paper. 
The  basic  requirement  of  transferring 
a small  charge  packet  in  a CCO  shift 
register  is  considered  first.  It  is 
well  knownO)  that  in  a surface  channel 
CCD  shift  register,  a background  charge 
(fat  zero)  is  required  at  all  times  to 
suppress  charge-trapping  effects  of 
surface  states.  The  noised  associated 
with  the  generation  of  the  fat  zero  makes 
the  surface  channel  CCD  sensor  inadequate 
to  perform  low  light  level  imaging 
functions. 

(31 

In  a buried-channel  CCO  register'7, 
the  signal  charge  packets  are  stored 
and  transferred  in  the  bulk  of  the 
semiconductor  so  that  surface  state 
trapping  can  be  avoided.  However, 
the  signal  charge  packets  may  be 
trapped  by  the  crystalline  imper- 
fections in  the  bulk  of  the  semi- 
conductor. The  effect  of  these  bulk 
traps  on  charge  transfer  efficiency 
plays  a dominant  role  in  the  low  light 


level  performance  of  buried-channel 
CCD  image  sensors.  This  effect  has 
been  analyzed  and  reported  previously 
by  J.  Early. W Some  of  his  principal 
assumptions  and  conclusions  are  re- 
peated in  the  first  part  of  this  paper. 
It  is  shown  that  signal  charge  packets 
of  approximately  10  electrons  can  be 
transferred  in  a buried-channel  CCD 
register. 

In  order  to  fully  exploit  the  low 
light  level  capability  of  buried- 
channel  CCD  image  sensors,  a special 
low-noise,  high-gain  amplifier  must 
be  used.  Such  an  amplifier  is  the 
distributed  floating-gate  amplifier 
(DFGA)'J'.  A DFGA  employs  several 
charge  amplifiers  with  floating  gate 
inputs  to  sense  repeatedly  a signal 
charge  packet  in  a CCD  register. 

The  outputs  of  the  charge  amplifiers 
are  summed  using  a second  CCD  regi- 
ster. Since  the  random  noise  of  the 
charge  amplifiers  is  uncorrelated, 
the  resulting  signal-to-noise  vol- 
tage ratio  is  enhanced  by  a factor 
equal  to  the  square  root  of  the 
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traps  can  be  filled  by  dark 
charges. 


number  of  charge  amplifiers  used. 

Signal  charge  packets  of  the  order 
of  10  electrons  can  thus  be  detected. 
Operation  and  experimental  results 
of  a twelve-stage  DFGA  are  discussed. 

Low  light  level  Imaging  performance 
of  both  linear  and  area  arrays  are 
reported.  The  linear  array  contains 
1728  photoelements.  Charge  packets 
In  the  photosites  are  transferred 
In  parallel  Into  an  adjacent  opaque, 
two-phase,  burled-channel , implanted- 
barrler  CCD  shift  register.  A single- 
stage  floating-gate  amplifier  Is  pos- 
itioned at  the  end  of  the  register 
to  detect  the  signal  charge  packets. 

The  area  array  has  244  x 190  photo- 
elements and  employs  the  interline 
transfer  organization.  Signal  charge 
packets  from  each  column  are  trans- 
ferred Into  an  adjacent  opaque  two- 
phase  vertical  shift  register. 

The  vertical  shift  register  in 
turn  transfers  each  row  of  signal 
charge  packets  into  a two-phase 
horizontal  shift  register.  The 
signal  charge  packets  are  then 
transferred  along  the  horizontal 
register  and  detected  by  a twelve- 
stage  DFGA  and  an  FGA.  Image  resolution 
and  noise  performance  are  examined  at 
different  light  levels. 


LOW  LIGHT  LEVEL 

CHARGE  TRANSFER  CONSIDERATIONS 

In  buried-channel  CCD  image  sensors, 
the  signal  charge  packets  may  be 
trapped  by  crystalline  imperfec- 
tions In  the  bulk  of  the  semiconductor. 
The  effect  of  bulk  traps  and  dark  cur- 
rent on  charge  transfer  efficiency 
and  signal-to-noise  ratio  for  a 
hypothetical  500  x 500  element  CCD 
area  Image  sensor,  operating  in  the 
standard  NTSC  mode  has  been  analyzed 
by  J.  Early.  His  analysis  revealed 
the  following: 

1)  A reduction  In  operating 
temperature  reduces  dark 
charge  and  thereby  Increases 
the  signal-to-noise  ratio. 

2)  An  Increase  In  dark  current 
improves  charge  transfer 
efficiency  because  bulk 


Under  worst-case  conditions, 
for  an  average  dark  charge  of 
10  electrons  per  pixel  and  a 
signal  of  10  electrons  per 
pixel,  the  overall  transfer 
efficiency  Is  apprqximately 
0.8,  and  the  signal-to-noise 
voltage  ratio  Is  1.4. 


4)  Bulk  trapping  is  of  conse- 
quence only  in  long  registers 
operating  at  conventional 
television  horizontal  line  re- 
petition rates  of  15  .75  KHz. 


5)  Transfer  efficiency  and  signal- 
to-noise  ratio  are  excellent 
at  the  high  horizontal  transfer 
rate  of  5MHz. 


Charge  transfer  efficiency  of  a 15- 
electron  charge  packet  in  a two-phase 
burled-channel  CCD  was  measured,  using 
statistical  methods. I®)  The  device 
was  cooled  to  obtain  an  average  dark 
charge  of  4 electrons  per  pixel.  It 
was  observed  that  after  238  transfers 
at  a 15.7  KHz  clock  rate,  approxi- 
mately one  electron  was  lost.  This 
data  confirms  the  theoretical  analysis 
that  In  a burled-channel  CCD  shift 
register  there  is  useful  transfer 
efficiency  after  500  transfers  In  a 
signal  charge  packet  of  approximately 
10  electrons. 


DISTRIBUTED  FLOATING-GATE 


AMPLIFIER  (DFGA) 


In  a CCD  register,  the  signal  charge 
packet  can  be  detected  by  a sensing 
"floating-gate"  electrode  as  shown  in 
Figure  1.  It  can  be  seen  that  the 
floating  gate  provides  a capacitive 
coupling  between  the  signal  charge 
packet  In  the  CCD  register  and 
the  current  in  the  M0S  channel  with- 
out making  physical  contact  with 
either  of  them.  Since  the  signal 
charge  packet  is  not  destroyed 
by  the  floating  gate.  It  can  be 
transferred  along  the  CCD  register 
and  be  detected  repeatedly  by  . 
similar  structures.  In  a DFGA'5', 
the  outputs  of  several  floating- 
gate  structures  are  summed  with  a 


second  CCD  register.  The  slgnal- 
to-nolse  ratio  of  the  sunned  out- 
put Is  enhanced  so  that  extremely 
small  charge  packets  can  be  de- 
tected. 


Signal 


FIGURE  1 Schematic  of  FGA. 


A schematic  diagram  of  a twelve- 
stage  DFGA  is  shown  In  Figure  2. 

It  consists  of  an  input  register, 
a bank  of  twelve  charge  amplifiers 
with  floating-gate  Inputs,  an  out- 
put CCD  register,  and  an  output 
amplifier.  A signal  charge  packet 
is  sensed  by  the  floating  gates 
when  It  is  transferred  In  the 
Input  register.  The  operation 
of  the  charge  amplifier  Is  Ill- 
ustrated In  Figure  3.  During 
the  period  when  the  signal  charge 
packet  In  the  input  register  Is 
under  the  floating  gate,  the  con- 
trol gate  Is  pulsed  "on"  so  that 
a small  amount  of  charge  flows 
Into  the  output  register.  The 
magnitude  of  this  charge  Is  de- 
termined by  the  signal  charge  In 
the  input  register  through  the 
coupling  of  the  floating  gate. 

This  Is  a charge  Inverting  ampli- 
fier In  the  sense  that  the  larger 
the  signal  charge  In  the  Input  reg- 
ister, the  lower  the  floating 
gate  potential,  and  the  less  the 
charge  that  flows  Into  the  output 
register.  A dc  gate  Is  used  to 
eliminate  clock  coupling  from  the 
control  gate  to  the  floating  gate. 


FIGURE  2 Schematic  of  DFGA. 


FIGURE  3 Charge  amplifier  in  DFGA. 


The  operation  of  a DFGA  can  be 
illustrated  by  considering  a hy- 
pothethical  three-stage  structure. 
Figure  4(a)  illustrates  the  ini- 
tial charge  distribution  in  the 
DFGA  after  a long  series  of  empty 
charge  packets  have  been  trans- 
ferred along  the  Input  register. 
Figure  4(b)  shows  that  one  clock 
cycle  later  (t  = t ) a large  charge 
packet  D has  been  transferred  under 
the  floating  gate  of  the  first 
charge  amplifier  stage.  After 
the  control  gate  has  been  pulse^ 
"on"  a small  amount  of  charge  D 
Is  Injected  into  the  output  reg- 
ister. Figure  4(c)  shows  that  at 
t = 2t  , charge  packet  D has  been 
transferred  under  the  floating  gate 
of  the  second  charge  amplifier 
stage  while  charge  packet  D'  in 
the  output  register  has  also  been 
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transferred  to  the  corresponding 
position.  After  the  control  gate 
Is  pulsed  "on",  another  small 
amount  of  chargf  Is  added  to  the 
charge  packet  D . Figure  4(d) 
Illustrates  the  charge  distribu- 
tion at  t » 3t  . At  t = 4tc, 
the  charge  packet  0*  has  been 
transferred  to  the  output  ampli- 
fier where  It  produces  the  final 
0F6A  output.  Charge  packets  E 
and  E'  In  the  same  sequence 
Illustrate  the  situation  when  a 
small  charge  packet  Is  trans- 
ferred along  the  Input  register. 

At  t = 5t  , charge  packet  E'  is 
detected  by  the  output  amplifier. 

The  DFGA  output  waveform  Is  Illus- 
trated In  Figure  5.  The  DFGA  output 
at  t = 4t  corresponds  to  the  initial 
charge  packet  D.  For  zero  initial 
charge  In  the  input  register,  a maximum 
amount  of  charge  is  injected  into  the 
output  register.  The  corresponding  out- 
put Is  VBIAS.  The  signal  output  for 
charge  picket  D which  is  the  difference 
between  the  DFGA  output  and  Is 

designated  by  Vs.  The  DFGA  output  at 
t = 5t  corresponds  to  the  small  charge. 
packetcE  in  the  Input  register. 

Twelve-stage  DFGA  test  structures  have 
been  built  and  tested.  A typical  trans- 
fer characteristic  curve  for  a 50nsec 
control  gate  "on''  time,  t , at  3 Wz 
bandwidth  and  room  temperature  Is  plotted 
in  Figure  6.  The  smallest  signal  level 
measured  is  approximately  30  electrons. 
The  RMS  Noise  measured  is  10  to  20 


electrons. 
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FIGURE  5 DFGA  output  waveform. 
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FIGURE  6 DFGA  characteristics. 


EXPERIMENTAL  RESULTS  OF 
CCD  IMAGE  SENSORS 


Linear  Image  Sensor 

A block  diagram  of  the  1728-element 
Interlaced  linear  Image  sensor  Is  shown 
in  Figure  7.  It  consists  of  an  array 
of  1728  photosites,  a two-phase  CCD 
shift  register,  and  a single-stage 
floating-gate  amplifier.  An  opaque  al- 
uminum layer  Is  deposited  over  the  de- 
vice to  block  incident  light  except  in 
the  photogate  JL  area.  A positive  dc 
voltage  Is  applied  to  the  photogate  to 
collect  the  signal  electrons  in  the 
potential  wells  formed.  The  1728  photo- 
sites under  the  photogate  are  defined 
by  the  p-type  channel-isolation 
diffusion  shown  In  this  figure.  The 
center- to-center  spacing  of  these 
photosites  is  13pm. 


At  the  end  of  an  Integration  period, 
the  transfer  gate  fx  Is  pulsed  "high" 
to  transfer  the  signal  electrons  In  two 
fields  Into  the  neighboring  two  phase 
CCD  shift  register.  The  signal 
electrons  are  then  transferred  along  the 
shift  register  and  detected  by  the  single- 
stage  floating-gate  amplifier.  A sink 
diode  and  exposure  control  gate  lFr  are 
Incorporated  to  provide  exposure  Control 
and  antiblooming  functions^).  The  CCD 
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shift  register  Is  constructed  using  two 
layers  of  polyslllcon  with  self-aligned 
Ion-Implanted  barriers!8)  as  shown  In 
Figure  8.  The  burled  channel  Is  accomplished 
with  the  Ion-Implanted  N-layer. 


SINK  *EC  *p  *x  *2 


DRAIN 

FIGURE  7 A 1728-element  linear  sensor. 


FIGURE  8 Two  phase  CCD  structure. 
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A CRT  monitor  display  of  the  IEEE  Fac- 
slmllle  Test  Chart  Is  shown  In  Figure  9. 

The  Image  was  horizontally  scanned  by  the 
Image  sensor,  while  vertical  scanning 
was  obtained  by  mechanical  rotation  of 
the  test  chart.  A portion  of  this  dis- 
played Image  Is  also  shown  with  an  expanded 
monitor  sweep  . The  maximum  resolution 
obtained  Is  approximately  36  line  parts/mm. 

Low  light  level  performance  of  this  Image 
sensor  Is  Illustrated  by  the  photographs 
In  Figure  10.  This  series  of  single- 
frame photographs  show  the  display  of 
approximately  700  photosites  at  Illumin- 
ation levels  successively  reduced  from 
near  saturation.  The  ambient  temperature 
was  25°C  and  the  clock  rate  was  1.5MHz. 

The  high-light  area  In  Figure  10(a)  re- 
presents an  Illumination  of  200yW/cirr  with 
a maximum  charge  per  photosite  of  approxi- 
mately 500,000  electrons.  At  a 1/1000 
reduction  In  light  Intensity,  a high- 
quality  Image  Is  retained  although  some 
dark  current  spikes  appear  as  vertical 
streaks.  At  a 1/10000  reduction  In  light 
Intensity,  the  brightest  area  In  the 
picture  represents  approximately  50 
electrons  per  photosite.  The  dark  charge 
per  pixel  Is  approximately  800  electrons, 
resulting  In  a dark  charge  noise  of  28 
electrons.  The  noise-equivalent-signal 
per  pixel  In  Figure  10(e)  Is  approximately 
100  electrons.  The  low  light  level  per- 
formance of  this  sensor  is  therefore 
limited  by  the  noise  in  the  amplifier. 

Area  Image  Sensor 

A photograph  of  the  244  x 190  area  image 
sensor  \9)  is  shown  in  Figure  11.  This 
device  employs  Ihe  interline  transfer 
organization  where  the  signal  charge 
packets  are  read  out  in  two  successive 
fields.  In  operation,  signal  charge 
packets  are  generated  and  stored  under 
the  190  vertical  photogates.  At  the 
end  of  an  Integration  period  the  photogates 
are  pulsed  "low"  to  transfer  the  signal 
charge  packets  from  half  of  the  photosites 
Into  an  adjacent  opaque  two-phase  vertical 
shift  register.  The  vertical  shift  register 
In  turn  transfers  each  row  of  the  signal 
charge  packets  Into  a two-phase  horizontal 
shift  register.  The  signal  charge  packets 
are  then  transferred  along  the  horizontal 
register- and  detected  by  the  output 
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FIGURE  9 Image  of  linear  sensor 
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FIGURE  10  Imaging  performance  of  linear  sensor 
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packets  have  been  detected,  the  process 
is  repeated  to  read  out  the  signal  charge 
packets  from  the  remaining  photosites. 
Both  the  vertical  and  horizontal  shift 
retlsters  are  two-phase,  buried-channel 
structures  Identical  to  that  shown  in 
Figure  8.  The  photoelement  center- to- 
center  spacing  is  30pm  horizontally  and 
18pm  vertically. 


This  device  employs  a twelve-stage  DFGA, 
and  a single-stage  floating-gate  amplifier 
similar  to  that  used  in  the  linear  image 
sensor  described  earlier.  A photograph 
of  the  DFGA  area  is  shown  in  Figure  12. 
This  DFGA  is  identical  to  the  twelve- 
stage  DFGA  test  structure  described  in 
Section  III,  except  that  the  structure 
of  the  output  register  has  been  modified. 


FIGURE  11  Photograph  of  the  244  x 190  area  sensor 
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It  can  be  seen  that  the  output  register 
separates  Into  two  parallel  registers 
after  the  twelfth  charge  amplifier  stage. 
An  output  amplifier  is  provided  at  the 
end  of  each  register,  one  being  delayed 
from  the  other  by  one  half  horizontal 
clock  period.  By  summing  these  two  out- 
puts off  chip,  the  large  output  swing 
Vot«c  can  be  cancelled,  as  Illustrated 
In  Figure  13  and  the  resulting  waveform 
can  be  much  more  easily  processed.  A 
theoretical  analysis  indicates  that  the 
noise  equivalent  signal  of  this  DFGA  is 
approximately  17  electrons  at  room  temper 
ature  and  3 MHz  bandwidth. 

A block  diagram  of  the  Imaging  test  set- 
up Is  shown  in  Figure  14.  The  regular 
and  delayed  DFGA  outputs  are  combined  to 


remove  VBIAS  In  the  output  waveform. 

The  output  is  amplified  and  then  dc  re- 
stored during  each  horizontal  blanking 
period  with  the  line  clamp  circuit.  It  is 
amplified  again  and  displayed  on  a monitor. 

Low  light  level  imaging  performance  of 
this  sensor  Is  Illustrated  In  Figure  15. 
These  photographs  show  DFGA  images  at 
-10°C.  The  horizontal  clock  frequency 
was  2 MHz,  resulting  in  a frame  rate  of 
23  frames/sec.  The  light  integration 
time  was  43  msec.  The  width  of  the  coarse 
bars  is  120um,  and  the  width  of  the  fine 
bars  is  60ym  on  the  CCD  image  plane. 

Figure  14(a)  shows  the  image  at  a near 
saturation  exposure  of  approximately 
4.7  yW/cm.  The  bright  areas  in  this 
photograph  contain  approximately  200,000 
electrons  per  photoelement.  Figure  15(b) 
and  (c)  show  the  same  image  when  the 


FIGURE  12  DFGA  on  the  area  sensor. 
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FIGURE  13  Modified  DFGA  output  waveform. 
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light  level  Is  reduced  by  a factor  of 
1000  and  8000,  respectively.  At  the 
1/8000  reduction  In  light  level,  there  are 
approximately  25  electrons  per  photoelement. 
A good  transfer  efficiency  Is  maintained. 

The  coarse  (1/4  Ityqulst)  bars  are  visible 
and  some  of  the  fine  (1/2  Nyqulst)  bars 
can  also  be  recognized.  Nolse-equlvalent- 
slgnal  per  pixel  Is  probably  2 to  3 times 
higher  than  the  10  to  20  electron  level 
which  Is  predicted  and  measured  on 
separate  DFGA  test  structures. 

At  -10°C,  the  dark  charge  per  pixel  Is 
approximately  1000  electrons.  The  dark 
charge  noise  should  be  approximately  32 
electrons.  The  dominant  noise  source  In 
Figure  15(c)  Is  not  the  dark  charge  noise 
since  It  can  not  be  reduced  by  cooling 
the  array  further.  The  limiting  factor 
of  the  low  light  level  performance  of 
this  array  Is  not  known.  The  most  pro- 
bable sources  are  the  noise  on  the  clock 
drivers,  power  supplies,  and  signal  pro- 
cessing circuits. 

CONCLUSION 

The  low  light  level  performance  of  CCD 
Image  sensors  have  been  examined.  An 
analysis  of  bulk  trapping  Indicates  that 
signal  charge  packets  of  ten  electrons  can 
be  transferred  In  large  buried-channel 
CCD  sensors  operating  at  the  NTSC  mode.  1728- 
element  linear  arrays  and  244  x 190-element 
area  arrays  both  showed  excellent  transfer 
efficiency  at  signal  levels  well  below 
100  electrons.  Using  a twelve-stage  DFGA, 
the  area  image  sensor  has  demonstrated  half 
Nyqulst  limit  (60um  width)  bar  images  at 
a signal  level  of  approximately  25  elec- 
trons at  -10  C.  The  corresponding 
Irradiance  was  6xl0'^uW/cm  , and  the  in- 
tegration time  was  43  msec. 

Separate  measurements  on  twelve-stage  DFGA 
test  structures  have  shown  noise  level 
of  10  to  20  electrons.  Actual  images 
obtained  with  the  DFGA  on  the  area  array, 
however,  showed  2 to  3 times  higher  noise 
per  pixel.  The  dominant  noise  source  Is 
suspected  In  the  external  supplies  and 
signal  processing  circuits  rather  than  in 
the  sensor  itself.  It  Is  expected  that 
a factor  of  2 to  3 improvements  In  the  lwo 
light  level  Imaging  performance  can  be 
achieved  with  the  present  CCD  sensors  by 
Improving  the  external  supplies  and  signal 
processing  circuits. 
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FIGURE  15  Imaging  performance  of  area  sensor. 
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ABSTRACT 

The  advent  of  Charge  Coupled  Device  (CCD)  imaging  sensors  has  required  the  development  of  specific  techniques  of  parametric  analysis 
which  are  of  use  to  systems  designers  and  engineers  in  the  synthesis  of  electro -optica  I imaging  systems  employing  these  sensors.  This 
paper  describes  the  development  and  application  of  several  of  these  methods  and  techniques  including:  The  evaluation  of  a photometric/ 
radiometric  model,  together  with  a simple  method  for  conversion  from  one  domain  to  the  other;  a description  of  a signal-to-noise  model 
of  particular  applicability  to  this  type  of  sensor;  an  analysis  of  operational  parameter  space  which  includes  modulation  considerations, 
noise  considerations  detective  quantum  efficiency  evaluation  and  signal  characteristics;  and  illustrative  examples  of  how  the  techniques 
described  may  be  applied. 


INTRODUCTION 

The  applicability  of  Charge  Coupled  Device  imaging  sensors  to 
specific  system  requirements  can  be  readily  assessed,  provided  the 
parametric  analysis  of  the  system  is  conducted  along  proper  lines. 
In  order  for  this  to  be  done,  it  is  necessary  to  understand  the  inter- 
relationships among  the  functional  char  art  eristics  of  the  devices 
contemplated  for  use  in  a specific  application.  Pre-ordained  sys- 
tem specifications  tend  to  force  solutions  to  follow  in  such  a way 
that  if  the  system  designer  is  not  cautious,  several  device  opera- 
tional characteristics  which  are  mutually  exclusive  (although  at- 
tainable individually)  may  become  part  of  the  analysis.  The  ob- 
ject of  this  paper  is  to  provide  the  EtectroOpticat  System  Designer 
with  the  analytic  tools  needed  for  the  parametric  design  of  imag 
ing  systems  employing  Charge  Coupled  Devices. 


PHOTOMETRIC/RADIOMETRIC  RELATIONSHIPS 

When  Charge  Coupled  Device  imaging  sensors  (CCD'sl  are  used  as 
radiation  detectors,  it  is  essential  to  know  how  the  rasponsivity  of 
the  sensor  matches  the  radiation  output  of  the  scene  being  viewed. 
Under  unusual  circumstances,  the  system  designer  has  control  over 
both  the  sensor  and  the  source  of  scene  illumination,  and  can  there- 
fore optimize  the  combination.  More  usually,  however,  the  sensor 
must  perform  when  coupled  with  naturally  illuminated  objects. 
Since  scene  illuminance  related  to  such  natural  conditions  as  "sun- 
light", "moonlight",  "starlight”,  etc.  is  generally  stated  in  photo- 
metric units  (foot  candles),  while  electro-optical  system  perform- 
ance is  most  easily  evaluated  on  the  basis  of  radiometric  units 
(watts  per  square  centimeter),  it  has  proved  highly  useful  in  para- 
metric analysis  to  develop  a simple  scheme  by  which  the  former 
may  be  readily  converted  to  the  latter  for  any  given  blackbody 
color  temperature. 

The  relationship  of  blackbody  source  temperature  (T)  in  degrees 
Kelvin  is  related  to  luminosity  (lumens/watt)  as  shown  in  Figure  1. 


BLACKBODY  SOURCE  TEMP  (T)*K 

FIGURE  1.  LUMINOSITY  AS  A FUNCTION  OF 
BLACKBODY  TEMPERATURE 


Since  a foot  candle  is  defined  as  one  lumen  per  square  foot,  a con- 
version to  watts  per  square  centimeter  can  be  made  using  the  rela- 
tionship: 

W-cm'2  =I-P 


RADKJMETRIC  CONVERSION  FACTOR 


Where  I is  the  illuminance  in  foot  candles,  and  P a photometric/ 
radiometric  conversion  factor  as  shown  in  Figure  2 where: 


0.001076 


Luminosity  in  Lumens/watt 
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FIGURE  2.  PHOTOMETRIC/RADIOMETRIC  CONVERSION 
EXPRESSION 


The  desirability  of  going  through  this  procedure,  rather  than  simply 
working  in  radiometric  units  to  begin  with  results  from  the  fact  that 
insofar  as  a spectrally  unflat  sensor  working  in  conjunction  with 
spectrally  different  sources  is  concerned,  watts,  like  Orwell's  ani- 
mals, are  not  really  all.equal.  It  is  necessary  to  evaluate  sensor  sen- 
sitivity to  sources  of  different  blackbody  color  temperatures.  It  is 
also  necessary  to  take  the  blackbody  color  temperature  of  the  il- 
lumination into  account  when  performing  system  analysis.  The 
cascade  and  integration  of  the  appropriate  values  over  the  spectral 
region  of  interest  yield  radiometric  values  of  parametric  validity 
and  utility,  without  the  necessity  for  performing  extended  inte- 
grations of  cascaded  values  for  sensor  response  and  illuminance 
data  in  the  form  of  w llm-1 


When  dealing  with  "sunlight",  the  blackbody  color  temperature 
selected  as  representative  will  differ  depending  upon  the  atmos- 
pheric path.  For  example,  instruments  in  a high  flying  aircraft 
may  see  the  earth  illuminated  by  a source  effectively  significantly 
cooler  than  5000°K  while  under  other  circumstances,  solar  illumi- 
nation more  closely  approaches  6000°K.  (Ref  1).  The  blackbody 
color  temperature  of  scene  illumination  also  varies  widely  with 
solar  altitude.  This  change  results  from  a variety  of  causes,  but 
conforms  generally  to  the  data  presented  in  Figure  3.  The  15°  -0° 
plane  is  one  tilted  15  degrees  from  perpendicular  with  the  sun 
"behind"  the  observer.  It  is  apparent  from  the  figure  that  as  the 
sun  approaches  the  horizon,  the  blackbody  color  temperature  of 
the  illumination  decreases  so  that,  at  sunset,  one  is  likely  dealing 
with  illumination  in  the  2854°K  (nominal  tungsten)  color  tem- 
perature region. 


FIGURE  3.  RELATIONSHIPS  AMONG  SOLAR  ELEVATION 
ANGLE  AND  ILLUMINATION  COLOR  TEM- 
PERATURE 


Because  of  their  high  level  of  sensitivity  CCD  image  sensors  have 
been  hypothecated  for  use  in  low  light  level  applications.  The  mov- 
ing image  integrating  mode  device  (described  in  another  paper  pre- 
sented at  this  conference)  is  one  example  of  a sensor  especially 
designed  for  low  light  level  use.  Illumination  conditions  change 
not  only  quantitatively,  but  qualitatively  when  natural  light  levels 
fall.  When  the  sun  is  well  below  the  horizon,  and  the  moon  is 
taken  as  the  chief  source  of  illumination,  the  resultant  blackbody 
color  temperature  may  be  seen  to  be  highly  dependent  upon  the 
altitude  and  phase  of  the  moon  (Ref  2).  This  is  shown  in  Figure  4 
where  the  relative  radiance  of  different  lunar  illumination  condi- 
tions are  shown  as  a function  of  wavelength.  Plotted  together  with 
the  illumination  data  are  straight-line  approximations  of  blackbody 
curve  segments  for  the  indicated  spectral  interval.  These  approxi- 
mations were  obtained  by  joining  the  500  nm  and  1 100  nm  por- 
tions of  the  respective  blackbody  curves  by  a straight  line.  As  is 
shown  in  the  Figure,  the  blackbody  color  temperature  varies  from 
about  2854°K,  with  no  moon,  to  about  54006K  with  nearly  full 
moon  at  a 45  degree  altitude. 
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FIGURE  4.  RELATIONSHIPS  AMONG  ILLUMINATION 
CONDITIONS  AND  BLACKBODY  SOURCE 
TEMPERATURE 


The  extreme  condition  represented  by  ..'imination  received 
from  starlight  and  airglow  alone  may  b*  evaluated  through  the 
use  of  Figure  5.  The  Figure  shows  the  relative  number  of  photons 
emitted  by  a blackbody  as  a function  of  wave  length.  It  also  has 
plotted  on  it  (at  the  same  scale)  the  relative  number  of  photons 
collected  at  the  surface  of  the  earth  from  the  night  sky  (starlight 
plus  airglow)  (Ref  3).  By  mentally  "sliding"  the  plot  of  night  sky 
photons  over  the  figure,  one  may  arrive  at  a "best  fit"  between 
the  data.  It  is  aooarent  that  this  fit  occurs  somewhere  in  the 
region  of  2854°K-3000°K. 


COUNT  VS.  WAVELENGTH  WITH  BLACK 
BODY  CHARACTERISTICS 


Since  daytime  operation  would  not  require  performance  at  a 
blackbody  color  temperature  greater  than  6000°K,  it  may  be  con- 
cluded that  the  viability  of  a CCD  image  sensor  system  depends 
upon  its  ability  to  function  within  the  blackbody  color  tempera- 
ture  range  of  2800° K -6000° K. 


BLACKBODY  SOURCE  DEVICE  RESPONSIVITY 

The  responsivity  (p)  of  the  type  of  silicon  used  in  the  subject  de- 
vices has  been  evaluated  as  shown  in  Figure  6.  The  values  of  pX 
(spectral  responsivity)  were  taken  from  measured  Fairchild  data. 

It  must  be  noted  that  the  responsivities  which  may  be  taken  from 
the  graph  refer  to  light  which  has  "gotten  into"  the  silicon.  If  no 
special  steps  were  taken  to  develop  a structure  receipt  to  optimize 
the  optical  admittance  factor,  the  achievable  practical  sensitivity 
could  reach  only  abouth  35  per  cent  of  the  theoretical  values 
shown  on  the  graph. 


a 


FIGURE  6.  SILICON  RESPONSIVITY  AS  A FUNCTION  OF 
BLACKBODY  SOURCE  TEMPERATURE  FOR 
VARIOUS  SPECTRAL  INTERVALS 


Because  ofbptical  interference  effects  and  simple  absorbtion  by 
the  several  layers  of  different  materials  comprising  the  CCD  image 
sensor  structure,  the  spectral  responsivity  of  a specific  device  will 
be  dependent  upon  its  construction.  (For  example,  linear  devices 
may  require  only  one  layer  of  polycrystaline  silicon,  while  area 
devices  may  require  two  or  more).  These  effects  must  be  account- 
ed in  the  determination  of  specific  device  responsivity.  As  an  ex- 
ample of  what  can  be  accomplished  interactively  between  the  sys 
tern  designer  and  the  sensor  manufacturer,  consider  the  results  of 
a recent  experiment.  By  using  current  analytical  structure  design 
methods  and  a newly  developed  evaluation  program,  it  has  proved 
possible  to  engineer  practical  manufacturable  layering  structures 
for  the  subject  devices  which  will  more  than  double  the  original 
rather  pessimistic  responsivity  estimate.  Twelve  such  improved 
structure  receipts  were  selected  from  a series  of  100  evaluated. 


i 
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Of  the  twelve,  receipt  No.  8 was  found  to  be  optimum  over  the 
blackbody  color  temperature  range  of  from  2000°K  to  6000°K. 
Oata  for  the  optimum  improved  structure  are  presented  in  Figure 
7&8 1.  The  integral  evaluated  in  this  latter  case  includes  the  ex- 
pression  T\so  that  the  resultant  responsivity  values  are  those 
which  can  be  attained  when  all  reflection  and  unwanted  absorp- 
tion losses  are  accounted. 


FIPURE  7.  OPTICAL  ADMITTANCE  FACTOR  FOR 
RECEIPT  8 


BLACKBODY  TEMPERATURE  (T).  °K 

DEVICE 

structure 

RECEIPT  NO.  S 

FIGURE  8.  DEVICE  SENSITIVITY  AS  A FUNCTION  OF 
BLACKBODY  SOURCE  TEMPERATURE  FOR 
THE  SPECTRAL  INTERVAL  500-1100  NANO- 
METERS 


While  Structure  Receipt  No.  8 was  the  best  of  the  group  developed, 
the  differences  in  performance  among  the  selected  group  of  twelve 
were  relatively  smalt.  Subsequent  manufacture  of  devices  in  ac- 
cordance with  the  model  specifications  yielded  sensors  whose  re- 
sponsivity  equaled  or  exceeded  the  predictions.  In  most  instances 
the  fortuitous  relationship  between  system  designer  and  device 
manufacturer  cited  in  this  example  will  more  than  likely  not  exist. 
It  remains  crucially  important  for  the  system  designer  to  know, 
evaluate  and  understand  the  impact  of  the  illumination  source/ 
sensor  responsivity  relationship  on  system  performance. 


SIGNAL  TO  NOISE  MODEL 

The  analysis  of  sensor  performance  in  a system  is  directly  tied  to 
the  definition  of  a suitable  system  input  signal  to  noise  ratio  (S/N). 
Although  the  two  general  classes  of  CCD  image  sensors  (linear  de- 
vices and  area  devices)  operate  in  somewhat  different  ways,  it  is 
possible  to  develop  such  a model  applicable  to  both.  The  model 
may  also  be  applied  to  the  moving  image  integrating  mode  device, 
which  can  be  considered  as  a special  case  of  the  linear  sensor  type. 

The  signal  to  noise  model  presented  here  was  originally  developed 
for  use  in  calculating  predicted  performance  for  the  moving  image 
integrating  mode  type  of  device.  In  the  model,  the  term  (77)  is 
used  to  designate  the  number  of  integrations.  The  same  model  is 
directly  applied  to  linear  devices  (in  this  case  (77  = 1)  and  with  a 
somantic  difference  to  area  sensors  where  the  readout  of  several 
frames  may  be  integrated  by  the  eye-brain  combination  of  the 
observer  via  a visual  display.  In  this  latter  instance  (rj)  is  redefined 
as  the  number  of  visual  integrations  performed  within  the  integra- 
tion period  of  the  eye  (^  0.2  Seconds). 

A fundamental  requirement  for  an  imaging  system  analysis  is  the 
derivation  of  a mathematical  expression  for  the  calculation  of  the 
resultant  system  input  signal-to-noise  ratio  in  terms  of  the  various 
system  and  mission  parameters. 


This  expression  will  first  be  developed  for  an  ideal  system,  i.e., 
one  that  contributes  no  system  noise.  For  the  ideal  noiseless  sys- 
tem, the  only  noise  present  is  the  statistical  noise  of  the  signal  it- 
self. A sufficiently  close  approximation  is  obtained  by  consider- 
ing that  part  of  the  system  having  the  lowest  discrete  unit  count 
as  a representation  of  the  signal  value.  In  an  electro-optical  sys- 
tem, that  point  is  usually  the  electron  stream  immediately  follow- 
ing the  photoelectric  conversion  whether  this  be  by  a photo  cath- 
ode emitting  electrons  in  a vacuum  tube  or  generation  in  a solid 
state  photoconductor.  The  number  of  electrons  representing  the 
"signal"  and  the  number  of  electrons  representing  the  "noise"  or 
"signal  uncertainty"  are  the  valid  quantities  to  use.  The  signal- 
to-noise  ratio  is  then: 


where  e$  = the  number  of  electrons  representing  the  "signal"  and 
en  * the  number  of  electrons  representing  the  "noise". 

In  an  imaging  system,  where  the  ultimate  final  interpretative  re- 
ceiver and  decision  mechanism  is  the  eye  - brain  combination,  the 
"signal"  which  is  meaningful  is  the  difference  in  gray  level  betweei 
one  small  scene  area  and  an  adjacent  one  - the  image  characteris- 
tics which  the  brain  has  been  trained  to  interpret  as  "detail",  as 
distinguished  from  the  interpretation  of  "no  detail"  for  an  area  of 
uniform  gray  level.  Therefore,  for  a meaningful  analysis  of  a sys- 
tem's capabilities,  it  is  customary  to  analyze  its  treatment  of  cer- 
tain specific  targets  - such  as  the  USAF  standard  tri-bar  target.  For 
such  a target,  which  contains  repetitive  lines  and  spaces,  we  con- 
sider one  line  pair,  i.e.,  one  bar  and  one  space  and  then  the  signal 
is: 
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where  €$  = the  number  of  electrons  from  the 

max  brighter  area,  i.e.,  a bar. 

€ = the  number  of  electrons  from  the 

smin  dimmer  area,  i.e.,  the  space  between 
bars. 


and  the  noise  is: 
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*max  €*min 


To  evaluate  these  terms: 

fw  ■ «»xio'^v 

e*min  * 6 24  X 

where,  p is  the  photo-electric  responsivity  in  amp/watt 

I-  is  the  illuminance  of  the  bar  on  the  image  plane 


is  the  illuminance  of  the  space  on  the  image  plane 


P is  the  photometric  to  radiometric  conversion 
factor  for  the  particular  radiation 

rj.X  is  the  integration  time  (rj  = number  of  integrations, 
t = element  exposure  time) 

dbar  is  the  area  of  the  bar  in  the  image  plane 


aspace 's  the  area  of  the  space  in  the  plane 
For  the  target  referenced,  and  for  this  analysis: 

“bar  “ “space  “ ““ 

O * the  number  of  "pixels"  in  a bar 
where,  by  definition; 

a * area  of  a pixel 
a » S2  (assumed  square  pixel) 

5 = photosite  side  dimension 

For  convenience,  substitute  C for  6.24  x 10^®  p Pi7t  ao 
The  expression  for  the  Signal  to  Noise  Ratio  is: 


(€.  ) C (I:  -lj  . ) 

>max  *mm  , 'max  'mm  _ 
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f*max  f,min 


, +li  • • 
'max  ‘min 


••max  -*min*  out 
•'max+'mln*'  001 
M ('max  ~'min*  in 
•'max  +'min*  in 

where  lm  and  lm-  are  the  signal  intensities  for  the  maximum 
and  the  minimum  signals  respectively.  Since  the  system  is  as- 
sumed to  be  linear  and  since  no  energy  is  either  added  or  lost,  but 
is  only  redistributed  between  the  bars  and  spaces, 

(•max  +'min*  out  - S Umax  +lmin*  in 
where  S is  a scale  factor: 

S Umax  -•min*  in  ••max  '•mini  out 
S ••max  +'min*  in  ••max  +'min*  out 

or,  cancelling  out  the  denominators,  which  are  equal: 

M ® ('max ‘•min*  in  = ''max ’'min*  out 
Substituting  in  the  sensor  signal-to-noise  expression, 

H c s ••max  ~‘min*  in  'M 
£n  ' yc'S  ('max +'min»  in 

•’max*  in  ” * ' Rmax 

••min*  in  = • ' ^min 

Where 

I ■=  Illuminance  of  the  bar  in  the  object  plane 

Rmax  = Reflectance  of  the  bar 

Rmin  ” Reflectance  of  the  space 

•'max  ’'min*  ,n  = ' ••’max  ■Rmin* 

('max  +lmin*  in  = 1 'Rmax  +Rmin* 

Substituting: 

en  /c  ' ® ' ' •Rmax*Rmin*^ 


The  scale  factor  of  a linear  imaging  system  is: 


The  Sensor  MTF  describes  the  ratio  of  an  output  signal  to  the  in- 
put signal.  It  is  a useful  parameter  for  analyzing  the  capabilities 
of  imaging  systems.  The  MTF  is  a spatial  frequency  dependent 
term  and  applies  to  the  sinusoidal  signal  component  for  a particu- 
lar spatial  frequency.  When  dealing  with  periodic  bar  targets  the 
MTF  is  somewhat  different  than  for  sinusoidal  ones.  However, 
the  implicit  simplifying  assumption  that  the  MTF  is  not  different 
has  been  made  here.  If  follows  then  that  the  sensor  MTF,  denoted 
by  M,  is  as  follows: 


. (•)  °ut 

(I)  in 

(I)  out  * lj  * the  image  illuminance 
(I)  in  * B0  * the  object  brightness 
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The  relationship  is: 


Bo 

4 (T#)2 


S 


1 

4 (T#)2 


Where  there  is  an  intervening  atmosphere, 

6.24  x 1018pP«r»7taaT 

CSI  = = Q 

4(T#>2 


where  T is  the  atmospheric  transmission 


or. 


|=  es  ^ ^Rmax  " Rmin^  ^ _ v^^Rmax  Rmin^ 

cn  v/^  ^Rmax  "^min*  >/Rmax  +Rmin 
for  the  noiseless  case. 


When  additional  "non-quantum"  noise  is  present,  the  expression 
becomes  more  complex: 


(4) 


VQ 


>ax  ~nmin 


,)M 


Where  0 is  the  number  of  uncancelable  noise  electrons  per  pixel 
referred  to  the  input  of  the  on-chip  amplifier. 


The  relationship  between  the  value  of  the  quantity  (S/N)  as  de- 
rived here  and  system  "resolution"  ultimately  involves  an  ob- 
server. Whether  that  observer  looks  at  a video  "soft  copy"  pre- 
sentation or  a "hard  copy"  output  will  depend  upon  system  - 
specif  ic  requirements. 

Threshold  observed  signal-to-noise  ratio  values  required  for  an 
observer  to  perceive  image  information  for  both  "soft  copy" 
(live)  and  "hard  copy”  displays  have  been  extensively  investi- 
gated over  the  past  few  decades.  Refs  4,5.  Although  psy- 
chophysical aspects  of  the  perception  problem  have  yet  to  be 
established  on  firm  theoretical  basis,  a number  of  investigators 
have  successfully  demonstrated  system  analytical  techniques 
based  on  models  of  the  vision  process  formulated  to  conform 
with  the  results  of  numerous  controlled  experiments.  Results 
specifically  applicable  to  CCD  imaging  sensor  systems  include: 

Simple  aperiodic  shapes  such  as  disks  and  squares 
viewed  against  a uniform  background  have  been 
found  to  require  signal-to-noise  ratios  perceived 
by  the  observer  of  S 5: 1 for  observers  viewing 
images  with  temporally-fixed  noise  and  signal  pat- 
terns (i.e.,  hard  copy  or  stored  single-frame  tele- 
vision displays).  In  this  case  (S/N)  is  given  by  the 
signal  to  RMS  noise  ratio  determined  for  the  total 
aperiodic  image  area  and  an  equivalent  area  of 
adjacent  background.  The  "signal"  in  the  photo- 
graphic image  case  is  the  mean  difference  in  events 
(i.e.,  darkened  specks  on  film)  between  the  image 
and  background  areas,  while  the  noise  is  determined 
by  the  RMS  value  of  background  (non-signal)  noise 
events  for  both  areas. 


Photographic  images  of  periodic  test  patterns,  such 
as  U.S.A.F.  three  bar  test  targets,  may  be  resolved 
with  threshold  (S/N)  values  5s  4:1  where  (S/N)  is 
determined  over  image  and  background  areas  equiva- 
lent in  size  to  the  area  of  a single  test  pattern  bar. 

Ref  6 . The  criterion  adapted  here  was  50  per  cent 
probability  for  the  detection  of  line  structure  in  one 
of  the  two  orientations  of  three  bar  images  presented 
to  the  observer. 

In  addition  to  the  above,  results  for  television  imaging  show 
that  long  rectangular  areas  (viewfield  angular  subtense  0.5°  x 
6°)  are  detected  with  threshold  observed  (S/N)  values  3s  3: 1 . 

The  latter  result  suggests  a remarkable  observational  ability  for 
effective  integration  over  the  entire  length  of  long  lines.  For  a 
rectangular  area  of  height  = 20  x width  (a  = 20)  the  correspond- 
ing elemental  (S/N)  value  for  an  area  of  height  equal  bar  width 
is  only  3AI/50’S0.7: 1 . These  experimental  results  are  confirmed 
by  the  critical  nature  of  coherent  signature  problems,  which  must 
be  controlled  to  eliminate  streaking  in  the  display  output  of  line- 
scanning systems. 

From  the  foregoing,  we  can  deduce  that  "worst  case"  (S/N)  re- 
quirements correspond  to  the  detection  of  objects  with  image 
dimensions  at  the  array  approaching  the  minimum  sample  aper 
ture  si2e  of  the  CCD  sensor  chip. 


Investigation  of  threshold  signal-to-noise  ratio  requirements  for 
"night  vision"  applications  have  been  primarily  concerned  with 
"live"  viewing  conditions,  with  the  observer  viewing  images  con- 
taining temporal  noise  variations.  Threshold  observed  (S/N)  val- 
ues appropriate  to  the  latter  viewing  condition  are  computed 
using  an  assumed  value  for  the  effective  eye  integration  time, 
i.e.,  0.1  to  0.2  second  for  normal  display  illuminance  levels. 


The  (S/N)  model  developed  above  includes  the  term  (17),  the 
number  of  picture  integrations.  These  integrations  may  be  ob- 
tained thru  the  use  of  a moving  image  mode  integrating  sensor 
chip,  or  thru  the  addition  of  information  in  the  brain  of  the 
observer  viewing  a "live"  display.  In  the  latter  case,  the  number 
of  integrations  is  limited  by  the  integration  time  of  the  eye, 
while  in  the  former  it  is  a function  of  sensor  chip  construction. 

In  either  event,  the  integration  effect  is  accounted  in  the  model, 
so  that  a minimum  value  for  (S/N)  corresponding  to  a 50  per 
cent  probability  of  "resolution"  is  4. 

Similarly,  the  (S/N)  model  considers  the  aspect  ratio  of  a line  or 
periodic  target,  since  the  number  of  pixels  in  a "bar"  (a)  »s  in- 
cluded in  its  calculation.  This  also  causes  convergence  of  the  re- 
quired (S/N)  to  =4  for  50  per  cent  probable  "resolution".  While 
no  hard  and  fast  rule  may  be  established  to  relate  (S/N)  values  as 
calculated  from  the  derived  model  to  "resolution",  the  selection 
of  (S/N)  = 4 as  a minimum  requirement  for  periodic  targets  has 
been  applied  with  considerable  success. 


OPERATIONAL  PARAMETER  SPACE 


Having  derived  the  appropriate  system  input  signal-to-noise  ratio 
(S/N),  it  is  necessary  to  determine  the  interrelationships  among 
those  sensor  characteristics  that  effect  the  quantities  in  the  ex- 
pression: 


Q mav  -R_:n)  M 
(S/N)  = — — ma« — ohd- 


\/Q<Rmax  + Rmm>  + 0^ 
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Let  us  examine  each  of  the  quantities  in  that  expression  and  the 
effects  of  sensor  characteristics  upon  their  quantification. 


MODULATION  CONSIDERATIONS 


! 


FACTORS  IMPACTING  SIGNAL  LEVEL 


The  quantity  "Q"  has  been  defined  as: 


Q * 


6 24  x IQ18  pP-ftpaoT 

4(T#)2 


6.24  x 10'8  is  the  number  of  electrons  per  coulomb  and  is 
constant. 


"p"  is  the  responsivity  of  the  sensor  in  coulombs/joule  or  amps/ 
watt.  This  quantity  varies  with  the  wavelength  or  color  tempera- 
ture of  the  illumination,  which  must  be  considered  in  selecting  the 
proper  value  for  p.  Rho  is  based  on  a 100  per  cent  area  utilization 
factor  in  the  chip. 

"P.r  is  the  product  of  the  scene  illumination  in  foot  candles 
and  a Photometric-Radiometric  conversion  constant  which  in 
turn  is  dependent  upon  illumination  color  temperature.  It  as- 
sumes that  the  illumination  source  is  a blackbody.  If  this  is  not 
the  case,  the  values  for  p and  the  equivalent  of  P»I  (in  watts 
cm*2  on  the  scene)  must  be  appropriately  computed.  The  type 
and  color  temperature  of  the  illumination  also  effects  such  para- 
meters as  crosstalk,  and  array  MTF  (marray). 

"if*  is  the  number  of  image  integrations  - either  during  image 
gathering  (as  with  a moving  image  integrating  mode  chip)  or 
during  display  (based  on  the  time-constant  of  the  eye).  System 
requirements  for  specific  light  level  performance  or  display  char- 
acteristics may  influence  the  needed  value. 

"t"  is  the  elemental  exposure  time  in  seconds.  This  will  be  de- 
termined by  the  frame  repetition  rate  or  the  linear  device  read- 
out rate  in  frames  or  lines  per  second  respectively.  In  terms  of 
system  operation,  these  rates  may  be  established  from  such  di- 
verse requirements  as  vehicle  rate,  scene  overlap,  ambient  light 
level,  or  display  frequency. 

"a"  is  the  area  of  a pixel.  It  applies  to  the  entire  area  of  a pic- 
ture element  (active  area  plus  inactive  area).  Note  that  respon- 
sivity (p)  is  also  computed  on  the  basis  of  total  pixel  are  a. 

Coupled  with  the  object  space  system  resolution  requirements, 
the  pixel  size  tends  to  define  the  required  optical  scale  of  the 
system. 

V'  is  the  number  of  pixels  in  the  area  of  a bar  of  a (square 
wave  or  tribar)  bar  type  of  target. 

"T"  Is  the  atmospheric  transmission. 

"(T#)"  js  the  (F#>  of  the  optical  system  divided  by  the  square 
root  of  the  optical  transmission  of  that  system. 

The  quantities  most  amenable  to  trade-off  in  the  course  of  sys- 
tem analysis  are  exposure  time  (t),  (T#),  and  (o).  The  latter  is 
directly  connected  with  image  resolution. 


The  maximum  and  minimum  scene  reflectances  Rmax  and  R^n 
are  most  likely  either  specified  or  implied  by  the  system  spectttca- 
tion.  In  any  event,  they  are  not  variable  from  the  system  trade- 
off analysis  standpoint.  However,  their  absolute  values,  as  well  as 
the  target  contrast  ratios,  are  important  in  system  analysis. 


The  quantity  M which  appears  in  all  S/N  computations  is  used  to 
designate  the  Modulation  Transfer  Function  of  the  “system"  and 
consists  of  the  following  factors: 


M c *moptics*  *mmotion*  *marray* 

It  should  be  noted  immediately  that  the  evaluation  of  "M"  does 
not  contain  constant  terms  for  either  the  modulation  of  the  optics 
or  the  scene  contrast  ratio.  Even  though,  for  simplification  of 
calculations  a constant  monies  may  be  assumed,  the  quantity  is 
spatial  frequency  dependent  and  must  ultimately  be  recognized 
as  such.  The  scene  contrast  ratio  (in  terms  of  R— ^ and  R„,jn) is 
also  accounted  for  in  the  (S/N)  computation,  butnot  as  a ''modu- 
lation" term. 

The  first  of  the  cascaded  values  which  go  to  make  up  the  system 
MTF  (M)  to  be  considered  is  System  designers  are  famil- 

iar with  the  variation  of  m optics*^"’  spatial  frequency.  However, 
a note  of  caution  if  appropriate.  Many  attempts  are  made  to  con- 
figure CCD  image  sensor  based  systems  around  photographic  op 
tics  which  were  designed  for  optimum  performance  within  a dif- 
ferent spectral  domain  than  the  "wide-open"  silicon  response  spec- 
trum. The  values  for  m^^  used  in  system  performance  predic- 
tion must  correspond  totne  weighted  spectral  interval  appropriate 
to  the  operational  system. 

The  evaluation  of  the  effects  of  image  motion  must  be  conducted 
differently  for  cases  where  such  image  motion  is  inadvertent  (doe 
to  platform  instability,  object  motion  etc)  and  where  the  motion 
of  the  image  past  a linear  sensor  is  implicit  in  the  generation  of 
one  dimension  of  the  picture  (strip  mode  or  panoramic  cameras 
for  example). 

In  the  first  instance,  where  undesired  image  motion  during  expo- 
sure is  encountered,  the  MTF  due  to  motion  (m^n^)  may  be 
evaluated  from  the  expression: 

Sin  (ntfqtfR) 
mmotion  *"  • 

(Hdri tfR) 

where  0 is  the  image  motion  rate  in  radians  per  second,  f the  lens 
focal  length  in  units  of  length  consistent  with  R,  the  sp.itial  fre- 
quency of  interest  in  line  pairs  per  unit  length. 

Where  image  motion  past  a linear  sensor  is  used  to  generate  one 
dimension  of  the  "picture",  the  linear  rate  of  image  motion  (V) 
and  the  exposure  time  (t)  combine  to  establish  the  value  for 
m motion  for  a ®iven  sRatial  frequency  (R) 


Sin  (ffVRt) 
m mot  ion  nVRt 


Note  that  the  number  of  integrations  no  longer  forms  a part  of  the 
expression. 

For  a given  spatial  frequency  R,  it  can  be  shown  that 


(S/N)b 


Sin  (mW) 


it W 


where  W is  the  image  motion  in  Ip/sec.  and  also  that: 

(S/N)R  * max  when  the  argument  Sin  (irtW)  = 1 
or,  Wt  = 1/2R 
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which  implies  that  the  maximum  (S/N)p  is  obtained  when  one 
line  readout  is  made  per  1/2R  wide  line  progression  in  the  image. 

Strictly  speaking,  the  optimization  applies  only  to  the  spatial  fre- 
quency R.  A small  gain  in  "resolution"  may  be  obtained  by  read- 
ing out  the  array  more  than  once  per  line  progression  in  the  image 
even  though  this  degrades  the  value  of  (S/N)  at  spatial  frequency 
R.  This  follows  from  the  fact  that  even  for  a value  of  R corres- 
ponding to  the  Nyquist  limit  (the  limiting  geometrical  unambigu- 
ous resolution  of  the  sensor  is  set  at  the  Nyquist  limit)  the  sensor 
may  well  exhibit  response  beyond  that  frequency.  With  more  than 
one  readout  per  line  progression,  a greater  amount  of  these  higher 
frequency  components  may  be  passed  by  the  system  resulting  in 
sharper  edges  even  though  the  (S/N)  at  spatial  frequency  R is  no 
longer  optimum.  In  instances  where  there  is  an  image  motion  er- 
ror associated  with  the  picture  generation  by  a scanning  linear 
sensor,  the  MTF  contribution  of  the  error  can  be  calculated  from 
the  same  general  sine  function  as  that  given  previously  for  inad- 
vertent image  motion  viz- 


Sin  (TrtfytfR) 
mm0,i0n=  Trf^fR 

In  this  instance  0 is  the  image  motion  error  rate  in  radians  per 
second,  and  TJ  is  normally  unity  for  a linear  sensor. 


The  MTF  of  the  array  (marraw)  is  a quantity  which  varies  not  only 
as  a function  of  sensor  geometry,  but  with  several  operational 
characteristics  as  well.  Also  the  combinations  of  operating  char- 
acteristics possible  within  the  permissible  working  range  of  a given 
sensor  may  result  in  very  significantly  different  values  for  m . 
The  MTF  of  the  array  must  be  modeled  in  accordance  with  tne  v 
conditions  of  use  in  the  system  and  the  appropriate  values  used 
in  the  system  performance  prediction  calculations.  Different 
types  of  devices  (frame-transfer  devices  and  interline  transfer  de- 
vices for  example)  exhibit  different  array  MTF  characteristics. 

Ref  7 . The  specific  properties  of  each  system  candidate  array 
should  be  investigated  using  whatever  device  MTF  model  is  ap- 
propriate. As  an  example,  an  MTF  model  for  a typical  linear  ar- 
ray under  one  set  of  operating  conditions  is  presented  in  Figure  9 
The  curve  labeled  "model"  represents  the  "most  likely"  phase  re- 
lationship between  a square  wave  target  and  the  a*-ray.  Experi- 
mental data  points  obtained  from  1 x 500  element  linear  arrays 
are  also  shown  in  the  Figure.  It  may  be  seen  that  the  experimental 
points  agree  reasonably  well  with  the  derived  model  for  the  con- 
ditions assumed  for  this  system. 


Unfortunately,  there  is  no  single  characteristic  curve  of  m 
for  a given  image  sensor  device.  Instead,  the  parameter  varies  as 
a function  of  several  system -connected  operational  characteristics. 
The  most  significant  of  these  areas  effecting  this  spatial  frequency 
dependent  parameter  includes: 

Array  Geometry 
Readout  Rate 

Illumination  Color  Temperature  (Cross  Talk) 

Charge  Transfer  Efficiency  (which  in  turn  is  effected  by) 
Signal  Level 
Operating  Temperature 
Device  Type 

Succinct  questions  as  to  these  sensor  and  system  charateristics 
must  be  asked  and  answered  by  the  system  designer  in  the  course 
of  preparing  the  array  MTF  model  to  be  used  in  subsequent  sys- 
tem analysis.  Failure  to  generate  a model  of  the  necessary  accu- 
racy can  lead  to  grossly  inaccurate  performance  predictions. 


♦ - MEASURED  RESPONSE  OP  500  ELEMENT  LINEAR 
ARRAY  WITHOUT  APERTURE  CORRECTION 


NOISE  CONSIDERATIONS 

The  final  quantity  in  the  expression  for  (S/N)  is  (0),  the  number  of 
uncancelable  noise  electrons  referred  to  the  input  of  the  on-chip 
amplifier  associated  with  each  pixel  readout.  This  constitutes  the 
non-quantum  noise  of  the  sensor  and  is  Root  Sum  Squared  with 
the  quantum  noise  in  the  determination  of  (S/N). 

No  attempt  is  made  in  this  paper  to  establish  all  the  physical  sources 
of  noise  within  a CCD  imaging  sensor  chip,  since  from  a system  de- 
signer's point  of  view  the  precise  source  of  the  noise  is  of  only  aca- 
demic interest.  There  are  however  two  generalized  sources  of  noise 
electrons:  Those  associated  with  thermal  generation  within  the 
sensor  chip,  and  those  having  their  origin  elsewhere. 

Thermally  generated  noise  electrons  are  the  result  of  dark  current 
statistics  (uniform  dark  current  itself  can  be  electrically  canceled) 
and  dark  current  non:uniformities.  While  quite  low  values  of  dark 
current  density  (10nA/cm^  is  not  atypical)  are  commonly  mea- 
sured, the  mistake  of  multiplying  this  density  times  the  pixel  area 
to  determine  the  dark  signal  must  be  assiduously  avoided.  It  must 
be  remembered  that  the  photosensitive  area  is  not  the  only  portion 
of  the  sensor  real-estate  gontributing  to  the  dark  signal.  So  while 
on  the  basis  of  1 0n  A/cm*  dark  current  density  one  might  compute 
the  dark  signal  for  a pixel  to  be  of  the  order  of  from  10  to  100 
electrons  in  a 53  /is  integration  time  the  actual  dark  signal  for  a 
commercial  device  with  these  characteristics  averages  more  nearly 
2500  electrons  dark  signal  with  a dark  signal  statistics  noise  con- 
tribution of  50  electrons  (at  25°C). 

Dark  signal  non-uniformity  is  generally  described  in  terms  of  "per 
cent".  This  does  not  refer  to  per  cent  of  average  dark  signal,  but  to 
per  cent  of  saturation  signal.  Variations  in  dark  signal  of  as  much  as 
1 per  cent  of  saturation  are  not  uncommon  in  todays  devices  opera- 
ting at  25°C.  For  a sensor  with  a pixel  which  is  saturated  by  250,000 
electrons,  this  corresponds  to  2500  electrons.  Such  a number,  though 
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large,  is  not  particularly  bothersome  when  the  device  is  operating  at 
signal  levels  of  50  per  cent  saturation  or  above.  However,  let  the 
signal  level  drop  to  1 per  cent  of  saturation,  and  the  impact  of  the 
dark  signal  non-uniformity  is  s everly  felt. 

The  system  designer  has  within  his  control  an  option  whereby  the 
effects  of  thermally  generated  noise  may  be  greatly  minimized  or 
essentially  eliminated.  He  may  elect  to  cool  the  sensor.  By  "Rule 
of  Thumb"  the  number  of  thermally  generated  electrons  is  halved 
for  every  9dC  drop  in  operating  temperature.  A plot  of  the  Dark 
Charge  Temperature  Characteristic  for  a sample  device  is  presented 
in  Figure  10.  Since  cooling  is  effective  against  variations  in  dark 
signal  as  well  as  against  dark  signal  itself,  the  2,500  noise  spike 
electrons  per  pixel  given  in  the  previous  example  (with  the  sensor 
operating  at  25°C)  would  be  reduced  to  20  noise  electrons  by  cool- 
ing the  sensor  to  -38°C.  Meanwhile,  the  average  dark  signal  level 
of  the  example  would  have  similarly  been  reduced  from  2500  to 
20  with  the  dark  signal  statistics  noise  equal  to  4.5  electrons  per 
pixel. 


-20  0 +20 
TEMPERATURE  <°C) 

FIGURE  10.  TYPICAL  DARK  CHARGE  TEMPERATURE 
CHARACTERISTICS 


Whether  or  not  cooling  the  sensor  will  offer  a system  advantage 
depends  upon  what  forms  the  predominant  noise  source  in  the 
specific  sensor  device  being  considered.  In  many  instances,  the 
dominant  noise  source  is  in  the  on-chip  amplifier  and/or  the  way 
in  which  the  sensor  array  is  read  out.  When  such  is  the  case,  the 
effects  of  cooling  are  to  eliminate  the  few  large  dark  signal  varia- 
tion spikes  and  to  lower  the  overall  RMS  noise  level  slightly,  but  to 
not  dramatically  improve  the  imagery  obtained.  Cooling  of  the 


sensor  chip  does  have  a minimizing  effect  on  other  (non  dark-signal 
associated)  noise  sources.  Both  kT/c  noise  and  Johnson  noise  for 
example  are  reduced  somewhat  when  the  sensor  is  cooled.  How- 
ever, the  effect  on  such  noise  sources  is  small  compared  to  the  ef- 
fect on  dark  signal  related  noises.  Therefore,  the  system  decision 
as  to  whether  or  not  to  cool  a given  sensor  chip  will  most  probably 
be  regulated  by  the  relative  importance  of  dark  signal  associated 
noise. 

Of  the  types  of  on-chip  amplif  iers  in  use  today  or  contemplated 
for  the  near  future,  two  generalized  categories  exist:  The  gated 
charge  integrator  (used  either  alone  or  in  combination  with  an  on- 
chip  compensation  amplifier),  and  the  floating  gate  amplifier  (the 
latter  can  be  of  one  or  multiple  stages,  with  the  multiple  stage  ver- 
sion being  described  as  a distributed  floating  gate  amplifier).  The 
number  of  noise  electrons  per  pixel  readout  associated  with  specific 
amplifiers  may  vary  from  as  many  as  2000  to  as  few  as  20.  Gener- 
ally speaking  the  relative  ranking  (from  least  to  most  "noisy")  is; 
distributed  floating  gate,  floating  gate,  gated  charge  integrator 
with  on-chip  compensation  amplifier,  and  the  uncompensated 
gated  charge  integrator. 

One  might  reasonably  ask  why  a single  amplifier  type  (logically  the 
least  "noisy")  is  simply  not  settled  down  upon  for  all  applications, 
and  the  entire  matter  set  to  rest  for  all  time.  Unfortunately,  low 
noise  demands  a price,  and  that  price  is  usually  a reduced  amplifier 
saturation  threshold.  The  implication  of  this  for  system  applications 
is  reduced  in-scene  dynamic  range  reproduction. 

From  a system  designer's  point  of  view  it  would  be  optimum  to 
have  each  sensor  chip  come  equipped  with  multiple  on-chip  ampli- 
fier options  so  that  the  optimum  amplifier  could  be  switched  on- 
line with  varying  operational  conditions.  Experimental  sensor  chips 
incorporating  such  a feature  have  been  produced. 

The  noise  metric  used  in  the  (S/N)  model  involve  the  quantity  (0) 
which  represents  the  number  of  uncancelable  noise  electrons  re- 
ferred to  the  input  of  the  on-chip  amplifier.  Deriving  this  quantity 
from  published  device  data  at  times  presents  a challenge.  The  ap- 
proach usually  taken  is  to  reduce  the  published  noise  equivalent 
signal  or  noise  equivalent  exposure  data  to  an  equivalent  number 
of  electrons.  If  cooling  below  the  temperature  at  which  values 
for  these  quantities  were  obtained  is  anticipated,  the  specific 
effects  of  this  cooling  on  [p)  must  be  calculated  or  obtained 
from  the  manufacturer. 


DETECTIVE  QUANTUM  EFFICIENCY  CONSIDERATIONS 

A part  of  any  system  analysis  which  considers  the  use  of  CCD  imag- 
ery sensors  logically  involves  comparison  with  other  sensor  types. 
One  such  type  of  comparison  involves  the  use  of  the  quantity  De- 
tective Quantum  Efficiency  (DOE).  While  DQE  does  not  constitute 
a single  simple  figure  of  merit,  it  is  one  significant  performance 
characteristic.  It  describes  how  efficiently  the  detector  makes  use 
of  the  information  present  in  a photon  image.  (Ref  8).  It  may  be 
mathematically  defined  as: 

(S/N)2 

DQE  * 

(S/N)2, 

In  this  instance  the  value  of  (S/N)  calculated  for  our  model  repre- 
sents (S/N)  out,  while  the  ideal  (S/N)  inherent  in  the  signal  sensed 
by  a perfect  sensor  represents  the  (S/N)  in. 


Now,  (S/NL 2*22 ED1D 
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where 


and 


6.24  x lO^P-It/tooT 
4<T#)2 

For  the  ideal  case, 

O*  <'WfWM 


(S/N)jn 


/Q*  <Rm.x+Rmin> 


where 


. 6.24x  IQ^ftj/P-lRtqgT 
4(T#)2 


and 


pj*  * Blackbody  responsivity  of  a 100% quantam  efficient 
detector  at  a blackbody  temperature  T 


8.068  x lO^dX 
5.6697  x IQ*  T4 


and. 


3.74  x 108 


X5^e1.4388x  104/XT.,^ 


also. 


Q*  * Q-; 


Now,  by  definition  (S/NI  for  a "noiseless"  system  isy/Qwhen 
all  modulation,  reflectivity,  and  transmission  terms  are  disregarded. 
For  this  case  then,  IS/N)?  » Q* 


and 


(S/N) 


OUt  Q + 0? 


and 


OQE  = 


Q*  (Q+/32) 

For  completely  "real  world"  cases, 


Q“<Rm., -RminrW 


2u2 


(S/N)f 


max  min' 

Q'nmax  + Rminl  + 0^ 


Q*2<Rm.x-«min»2M2 


(S/N)  t" 


Q*<Rm.x  + Rmln> 


from  which 


Q2  <Rm.x+Rmin» 

DQE X -r- 

Q*  tQ(Rm,x  + Rmin»  + ^3 

As  an  example  we  have  taken  the  case  of  an  ideal  detector  and 
plotted  its  responsivity  alongside  that  of  a CCD  imaging  sensor 
having  the  characteristics  represented  of  Receipt  8.  These  data 
are  shown  in  Figure  11 . 


s 

II 
1 8 

z 

£ 

K 

! 

i 


SLXCXaOOY  TEMEf  MATURE  IT).  °X 


FIGURE  11.  RESPONSIVITY  AS  A FUNCTION 
OF  8LACKBODY  TEMPERATURE 
FOR  REAL  AND  IDEAL  DEVICES 
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For  a situation  where. 


T - 6000°K 


R 


max 


O.S 


P 


0.25 

40  elactront 
Receipt  8 


O - 5 


The  Detective  Quantum  Efficiency  is  computed  to  be  a function 
of  Q as  shown  in  Table  I. 


TABLE  I 


ASSUMED  SENSOR  DEVICE  SPECIFICATIONS 

• Type:  1 x 1500  pixel  linear  chip 

• Pixel  Size:  0.0007”  x 0.0007" 

• Active  Pixel  Area:  100% 

• Responsivity:  In  accordance  with  Figure  8 

• Dynamic  Range:  1000:1 

• Saturation:  300,000  electrons 

• Average  Oark  Signal:  50  electrons/pSec/Pixel  at  25°C 

• Dark  Signal  Non-Uniformity:  1%  of  Saturation 

• Readout  Rate:  0.1  - 6.0  M Samples/Sec 

• Array  MTF:  In  accordance  with  "Model"  Figure  9 within 

0.1  - 6.0  M Sample/Sec  readout  rate 

• RMS  Noise  (excluding  dark  signal  associated  noise):  150 

electrons/pixel  readout  when  operated  between 
0.1  - 6.0  M Samples/Sec. 


PRELIMINARY  SYSTEM  ANALYSIS 


RELATIONSHIPS  BETWEEN  SIGNAL  LEVEL 
AND  DQE  FOR  ONE  EXAMPLE 


Q 

ELECTRONS 
PER  SIGNAL 
AREA 

ELECTRONS 
PER  PIXEL 

O' 

IDEAL  ELECTRONS 
PER  SIGNAL  AREA 

DQE 

100.000 

20,000 

190.000 

0.475 

10,000 

2,000 

19,000 

0.254 

1,000 

200 

1,900 

0.045 

100 

20 

190 

0.005 

EXAMPLE 

The  following  example  of  system  calculations  is  presented  not  as 
a solution  to  any  particular  "real  world"  problem,  but  rather  as  a 
guide  to  the  application  of  the  methods  described  in  the  previous 
sections  of  this  paper.  The  device  characteristics  chosen  are  not 
specifically  representative  of  a particular  sensor,  but  fall  within 
the  current  State  of  the  Art. 


SYSTEM  REQUIREMENTS 

A low  altitude  reconnaissance  aircraft  is  to  fly  at  an  altitude  of 
3000  feet  at  a maximum  V/H  of  0.15  knots  per  foot. 

Scene  illumination  will  be  daylight,  down  to  sun  angles  corres- 
ponding to  100  foot  candles  scene  illuminance  (minimum)  with 
cloud  cover. 

Scene  contrast  ratios  of  2:1  and  above  are  anticipated,  with  aver- 
age scene  reflectivities  of  0.3. 

Ground  resolution  of  6"  per  line  pair  is  desired. 

Continuous  angular  coverage  of  ±20°  from  nadir  is  required. 


TENTATIVE  SYSTEM  CONCEPT 

As  a starting  point  the  system  designer  might  consider  a strip 
mode  type  of  system  consisting  of  a series  of  linear  sensor  chips 
arranged  to  form  a (optically  or  electronically)  contiguous  line 
in  the  image  plane  of  a vertically  oriented  objective  lens.  It  is 
necessary  to  check  this  concept  against  available  sensor  charac- 
teristics. 


The  requirement  for  6"/!.p.  ground  resolution  demands  a lens 
focal  length  of  at  least 

0.0007 

f x 3000  x 12  - 8.4  inches 

3.00 

In  order  to  set  the  required  6"/l.p.  resolution  module  at  0.84  of 
the  Nyquist  limit,  a 10"  e.f.l.  lens  is  selected. 

The  ±20°  field  of  view  represents  a line  7.28  inches  long  in  the 
focal  plane.  This  requires  7 sensor  chips  (each  with  a 1 .05"  long 
sensor  area).  A seven-channel  system  is  therefore  tentatively  hypo- 
thicated. 

At  the  V/H  of  0.15  knots/foot  and  the  altitude  of  3000  feet,  the 
vehicle  velocity  V is  seen  to  be  9120  inches  per  second  from  which 
the  image  velocity  using  the  10"  e.f.l.  objective  lens  calculates  to 
be  2.53  inches  per  second.  V “ 2.53. 

If  each  channel  is  read  out  once  per  line  progression  in  the  image, 
the  readout  rate  is 


2.53 

RR  = 1500  

0.0007 
t = 2.76  x 10*4  Sec. 


5.42  x 106  Samples/Sec  and 


This  falls  within  the  optimum  operational  range  of  our  hypotheti- 
cal sensor  chip. 


At  a "sunlight"  illumination  of  100  foot  candles,  the  scene  irradi- 
ance  may  be  seen  to  be  (from  figure  2 ) 1 .15  x 10*3  watts/cm? 
at  T = 6000°K.  I-P  = 1.15  x 10’3. 


The  responsivity  of  our  sensor  (from  figure  6 ) is  0.158  amps/ 
watt  at  that  color  temperature,  p - 0.1 58. 


A preliminary  calculation  of  a value  for  "Q"  assuming  a (T#)  • 
y/20  lens  yields: 

(6.24x1018)(0.158)(1.15x10'3)(2.76x10'4|(3.16x10'6)(7) 
Q=  80 


where  a 7 because  the  aspect  ratio  of  the  USAF  tri- 

I.84)2 

bar  target  is  5:1,  and  the  required  limiting  resolution  is  at  0.84  of 
the  Nyquist  limit. 
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Q = 8.65  x 104  electrons 
Calculation  of  the  dark  signal  yields: 

2.76  x 10"4 


Dark  Signal  = 50- 


10 


6 


1 38 x 104 


from  which  the  noise  in  the  dark  signal  is  117  electrons  RMS. 

If  the  occasional  dark  signal  noise  spike  from  areas  of  dark  signal 
non-uniformity  is  ignored,  the  RMS  noise  may  be  computed  to  be 
(exclusive  of  quantum  noise  in  signal) 


a =y/ui2  + 1502  * 190  electrons 


(S/N)  = 8.1 

Since  a 4:1  (S/N)  ratio  is  the  minimal  acceptable  for  "resolution", 
the  system  as  outlined  passes  the  first  hurdle  of  parametric  viability. 


In  the  interests  of  brevity,  the  analysis  has  been  kept  to  a rudi- 
mentary parametric  form.  The  exercise,  however,  does  serve  to 
illustrate  how  the  techniques  outlined  here  may  be  applied. 


The  system  resolution  corresponding  to  6"/lp  on  the  ground  is 
600  Ip/inch  or  23.6  Ip/mm  at  the  10  inch  (254  mm)  focal  length 
selected.  At  that  spatial  frequency  a specially  designed  F/4  (T  = 
V20)  lens  should  be  capable  of  exhibiting  a minimum  MTF  of  60 
per  cent  throughout  the  field  of  view.  ntQptics  - 0.60 

The  MTF  of  the  sensor  is  taken  from  Figure  9 for  the  0.84  FNL 
point  to  be  marray  = 0.58. 

Since  the  sensor  chip  will  be  read  out  each  2.76  x 10*4  sec,  mmQtic 
may  be  computed  from: 


Sin  (trVRt) 

(irVRt) 

Sin  [tt  (2,53)  (600)  (2.76  x 10*4)] 
* (2.53)  (600)  (2.76  x 10*4) 


mmotion  ’ 


s 0.74 


M = (0.60)  (0.58)  (0.74)  = 0.26 

Since  the  average  scene  reflectivity  is  0.3  and  the  Contrast  Ratio  is 
2:1  (minimum). 


O + q O 

max  min  _ q ^ max  _ 2 


= 0.3 


3Rm- 


= 0.3 
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ABSTRACT.  The  low- 1 ight-l'evel  imaging  performance  of  different  EBS-CCD  tubes  are  analyti- 
cally compared,  along  with  that  predicted  for  direct-view  CCD  imagers,  using  the  psychophy- 
sical model  of  Rosell  and  Willson.  Because  its  primary  photosurface  is  silicon,  the 
quantum  efficiency  of  the  direct-view  CCD  is  higher  than  that  of  the  EBS-CCD.  However, 
since  there  is  no  gain  prior  to  CCD  readout,  the  noise-equivalent  signal  is  considerably 
higher  for  the  direct-view  CCD,  even  when  it  is  assumed  that  the  noise  is  dominated  by 
amplifier  noise  of  a few  tens  of  electrons  per  packet.  For  this  assumption  to  be  valid,  the 
CCD  must  be  cooled  below  room  temperature  in  some  fashion.  Thus,  in  comparison  with  other 
forms  of  low-light-level  image  sensors,  the  EBS-CCD  tube  appears  to  offer  significant  advan- 
tages in  terms  of  size,  sensitivity,  and  temperature  of  operation.  The  second  part  of  this 
paper  briefly  outlines  the  primary  objectives  of  the  current  intensified  CCD  programs  being 
pursued  jointly  by  Texas  Instruments  and  the  ITT  Electro-Optical  Products  Division.  A 
discussion  is  given  of  the  compatibility  problems  associated  with  subjecting  a CCD  array  to 
the  effects  of  vacuum  tube  processing.  The  two  CCD  tube  designs  being  developed  are 
described,  and  results  are  presented  based  on  current  data  available. 

I.  PERFORMANCE  ANALYSIS  OF  EBS-CCD  where  R*F  (f)  - total  square-wave  flux 

IMAGING  TUBES  response  of  the  system  at 

the  bar  pattern  spatial 

A.  PSYCHOPHYSICAL  MODEL  frequency,  f, 


The  psychophysical  model  used  in  the 
analysis  of  low-light  level  television 
(LLLTV) imager  performance  presented  in  this 
paper  is  based  on  the  model  developed  by 
Rosell  and  Willson'  for  conventional  imaging 
tubes.  Through  an  extensive  series  of  psy- 
chophysical experiments  with  observers 
watching  TV  displays  of  selected  imagery, 
these  two  researchers  have  verified  that  the 
limiting  resolution  to  which  an  observer  can 
perceive  a bar  pattern  is  proportional  to 
the  display  signal-to-noi se  ratio,  over  a 
wide  range  of  conditions.  Rosell  and  Will- 
son  define  the  display  signal -to-no  I se  ratio 
pD,  for  imaging  a dark  and  light  bar  pattern 
as  fol lows: 


PD  <f> 


Rf  (f)  CM  2 N; 


0) 


In-1,3,5,. 


-j  Rt  (nf ) 


R (f)  - total  modulation  transfer 
function  (MTF)  of  the  sys- 
tem at  spatial  f requency,  f ; 

CM  - modulation  contrast  of  the 
bar  pattern  focused  onto 
the  sensor 


n it  . 

max  min  . 

H + H . * 

max  min 

H * maximum  sensor  irradiance; 
max 

H . - minimum  sensor  irradiance; 

min 
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Ngv  » average  number  of  signal  photo- 
electrons actually  generated  within 
the  image  of  a bar  during  Teye, 
averaged  over  a bar  pair,  where 
Teye  's  the  integration  time  of 
the  eye  (Rosell  and  Willson  use  0.1 
second  fon^ye) 

• N^p,  where  N is  the  rms  noise  on 
the  Poisson  process  of  generating 
photoelectrons  at  the  primary 
photosurface  (photon  noise); 

Nns  ■ equivalent  rms  number  of  noise 
electrons  per  bar  added  to  the 
video  signal  by  other  noise  sources 
in  the  system;  and 

B « operator  which  represents  noise 
reduction  by  system  MTF  effects. 

With  this  def  inltlonof  pD,  Rosell  and 
Willson  have  shown  that  a bar  pattern  imaged 
by  a sensor  can  just  be  resolved  by  an 
observer  viewing  the  output  of  the  sensor 
on  a display  when  pp  for  that  pattern  and 
sensor  combination  is  equal  to  about  2.5. 
The  observer  Is  allowed  to  optimally  adjust 
the  display  contrast  and  brightness  and  his 
own  viewing  distance.  This  threshold  value, 
Pth»  *or  PD  's  001  absolutely  constant,  but 
varies  somewhat  as  the  bar  length-to-width 
ratio,  rLW,  is  changed,  with  a somewhat 
larger  value  of  pt^1  required  for  larger  values 
of  rL„  (<25%  increase  as  rLW  is  varied  from 
5 to  20).  p^also  depends  on  f,  the  spatial 
frequency  of  the  pattern,  being  slightly 
smaller  for  the  higher  frequencies  ( * 25% 
decrease  as  f varies  from  100  to  500  TV 
lines  per  picture  height,  for  rLy  ■ 5). 

In  the  present  treatment,  the  somewhat  con- 
servative value  of  3.0  has  been  used  for  pth 
throughout,  regardless  of  the  values  of  rLy 
and  f. 


There  are  noise  sources  in  a CCD  that 
insert  a fixed  system  noise  component  into 
each  picture  element  once  each  frame,  or 
once  each  field  in  the  case  of  interlaced 
operation.  An  example  of  this  type  of  noise 
is  the  preset  noise  introduced  at  the  CCD 
output  by  a simple  precharge  amplifier.  The 
time  averaged  value  of  this  noise,  averaged 
overteye,  thus  depends  on  the  frame  rate. 

For  the  CCD,  therefore.  It  is  preferable  to 
redefine  Nav  and  Nns  as  averages  over  Tf, 
a single  frame  time,  or  field  time  for  inter- 
laced mode,  and  to  account  for  the  eye's 
integration  time  through  a separate  factor, 


/”t  7t . 

eye  f 


Equation  (I)  then  becomes: 


PD(f) 


RtF<f)  CM  2 "av 


/\ 


(N  +N2)1/J 
av  ns' 


7t7 

r 


(2) 


This  use  of  the  eye  integration  factor  is 
justified  only  if  the  noise  is  uncorrelated 
from  one  frame  to  the  next,  but  this  will, 
in  general,  be  true.  The  only  exception  is 
so-called  "fixed  pattern  noise,"  resulting 
from  fixed  spatial  variations  in  the  sensor 
background  level  or  responsivi ty . The  amp- 
litudes of  these  variations  add  directly, 
rather  than  in  quadrature.  If  is  the 
equivalent  rms  number  of  fixed  pattern  noise 
electrons  per  bar  image,  averaged  over  a bar 
pair  and  integrated  over  if,  the  appropriate 
modification  of  Equation  (2)  to  include 
fixed  pattern  noise  is 


»SF 


PD(f) 


{f  (N 


CM  2 "av 


+ ) (tr/l 

av  ns  f eye 


Kff 


.(3) 


This  treatment  of  fixed  pattern  noise  rep- 
resents an  extension  beyond  the  work  of 
Rosell  and  Willson,  and  is  consequently  some- 
what speculative.  For  this  reason,  fixed 
pattern  noise  is  ignored  in  most  of  the 
computer  predictions  of  limiting  resolution 
presented  here.  However,  the  arguments 
seem  plausible  enough  to  justify  a plot  that 
includes  an  estimate  of  fixed  pattern  noise. 


In  applying  the  results  of  Rosell  and 
Willson  to  CCD's,  It  is  more  convenient  to 
express  the  signal  and  noise  in  terms  of 
electrons  per  picture  element,  or  pixel, 
rather  than  per  bar.  If  we  assume  for  the 
moment  that  system  MTF  effects  are  negli- 
gible and  that  all  noise  sources  are  white, 
we  can  write  Equation  (3)  as 


PD(f). 


RtF<f>  CM  2 mn  "av 


mn  + N'Z  mn)  (tJt  ) + N^mn  ) ^ 
av  ns  f eye  nf 


2 (f)  CM  "a'v 


{[(N^+N'ns2)(Tf/Teye)+Nn?,/n,n(1 


Va 


. (4) 


where  » average  number  of  signal  photo- 

electrons collected  per  pixel 
during  ty,  averaged  over  a bar 
pair; 
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Nns  ■ equivalent  rms  number  of  system  noise 
electrons  per  pixel  per  frame  (or 
field),  averaged  over  a bar  pair; 

“ equivalent  rms  number  of  fixed  pat- 
tern noise  electrons  per  pixel  per 
frame  (or  field),  averaged  over  a 
bar  pair; 

m ■ number  of  pixels  per  bar  height;  and 
n ” number  of  pixels  per  bar  width. 


Include  non-white  noise  sources  and  sub- 
uni ty  MTF's. 

The  bandlimiting  of  noise  spectral 
sity  is  explicitly  represented  In  Equation 
(6)  by  the  integration  limits  in  the  denomi- 
nator, with  a maximum  noise  bandwidth  equal 
to  the  maximum  signal  bandwidth  (Nyquist 
frequency).  The  divisors,  n and  m,  are 
functions  of  f,  through  the  relationships: 


The  reduction  in  noise  power  by  the  divisor, 
mn,  may  be  interpreted  as  bandlimiting  by 
the  eye  as  It  integrates  over  a bar.  Ela- 
borating on  this  interpretation,  we  set 


Vertical  Bars 


" ‘ fNx/f* 
id  * 


S (f  ,f  ) " spectral  density  of  average 
p x y photon  noise  per  pixel, 

S (f  ,f  ) " spectral  density  of  system  noise 
y per  pixel,  and 

Sf (fx,fy)  " spectral  density  of  fixed 

y pattern  noise  per  pixel,  where 

fx.  fy  are  frequencies  in  the 
two-dimensional  transform  space 
of  the  two-dimensional  sensor 
surface. 


Then 


N'  + N'  +H'\ 

av  ns  Veve/  nf 

mn 

fi"  J^df  {fs  (f  ,f  ) ♦ S (f  ,f  ,1 

0 *5  vlLp  * Y s'  x’  y 


(vv,tsf(fx-v)  • 


(5) 


Horizontal  Bars 


m 

n 


Vf* 


'LW 


In  the  graphical  presentation  of  computa- 
tional results  that  follow,  the  spatial 
frequencies  are  expressed  in  TV  lines  per 
picture  height  (TVL/PH) . The  presentation 
in  terms  of  TVL/PH  is  consistent  with  Rosell 
and  Willson's  graphical  format  and  is  of 
more  direct  utility  to  the  display  observer 
than  a presentation  in  terms  of  line  pairs 
per  ml  1 1 imeter  (&p/mm),  since  it  includes 
Information  concerning  sensor  size  in 
addition  to  sensor  resolution  density. 

In  order  to  use  Equation  (6)  to  compute 
Pj),  expressions  were  developed  for  R^F  (f), 
sp(Fx>fy)  ar>d  Ss(fx,  fy)  in  terms  of  pre- 
dictable system  parameters.  For  the  present 
computations,  the  MTF  factors  that  were  used 
to  calculate  r|f  (f)  were  the  following: 


where  f„  » Nyquist  frequency  in  the  x- 
X direction, 

fN  “ Nyquist  frequency  in  the  y- 
y direction. 

Substituting  Equation  (5)  Into  Equation  (4) 
yields 


(1)  Diffusion  MTF; 

(2)  Secondary  generation  MTF  (for  EBS-CCD 
only) ; 

(3)  Pixel  collection  MTF; 

(4)  Charge  transfer  MTF; 

(5)  Lens  MTF; 

(6)  Tube  pretarget  MTF  (for  EBS-CCD  only). 


PD(f) 


("  V"  fVm  7~  \/2 

k K Uyv  V + Ss<fx>  V]( 7*-)  * Sf<V  fy>}) 

0 0 eye  / 


2 RZ(ILC1 1 N*y 


(6) 


If  the  spectral  densities  in  Equation 
(6)  are  interpreted  as  representing  noise 
referred  to  the  CCD  output  channel,  then 
this  expression  for  Pp  is  general  enough  to 


The  noise  components  that  were  considered 
in  calculating  Ss(fx,  fy)  were  the  follow- 
ing: (1)  Dark  current  noise,  and  (2)  Ampli- 
fier noise. 


Fat  zero  input  noise  and  fast  interface 
state  noise  were  not  Included,  as  the  sen- 
sors were  assumed  to  be  buried  channel. 

Bulk  state  trapping  noise  was  not  included, 
as  measurement  data  on  this  noise  source 
are  somewhat  sparse.  The  expressions 
developed  for  these  various  HTF's  and  noise 
spectral  densities  are  too  detailed  to  be 
presented  here,  but  are  contained  in  a 
report  to  NVL . 2 

B.  COMPUTER  PREDICTIONS  OF  LIMITING 
RESOLUTION 

Five  different  types  of  CCD  imagers  were 
analyzed  by  computer  using  the  display 
signal-to-noise  ratio  model  described  in  the 
preceding  section  to  predict  limiting 
resolution  versus  illumination  level.  More 
precisely,  five  different  applications  of 
the  same  CCD  array  in  image  sensor  configu- 
rations were  analyzed: 

(1)  Direct-view  CCO  sensor,  cooled  to  T » 
210  K,  with  responsivity  of  90  mA/W 
for  285*t  K illumination  « 5.6  mA/Jlm; 

(2)  Proximity-focused  EBS-CCD  tube,  opera- 
ting at  T “ 300  K,  with  S ’O  extended 
red  response  photocathode  (responsivity 
of  7 mA/W  for  285A  K illumination  = 

AAO  pA/lm) ; 

(3)  Proximity-focused  EBS-CCD  tube,  at  T = 
300  K,  with  GaAs  photocathode 
(responsivity  of  6. A mA/W  for  285A  K. 
illumination  = 390  fi  A/  im) ; 

(A)  EBS-CCD  inverter  tube,  at  T = 300  K, 
with  25  mm  S-20  extended  red  response 
photocathode; 

(5)  EBS-CCD  inverter  tube,  at  T « 300  K, 
with  25  mm  GaAs  photocathode. 

The  CCD  array  assumed  for  each  of  these 
applications  is  a thinned,  rear- 1 1 luminated 
(or  bombarded),  500  x 500-element  CCD  with 
a 3:4  aspect  ratio,  operated  in  the  frame 
transfer  mode  with  2:1  interlace  (resulting 
in  a possible  500  displayed  TV  lines).  The 
pixel  dimensions  are  assumed  to  be  0.9  mil 
by  1.35  mil,  resulting  in  an  active  sensor 
diagonal  of  I A. 3 mm. 

These  five  configurations  are  compared 
in  a series  of  plots  of  limiting  resolution, 
evaluated  at  the  center  of  the  active  sensor, 
versus  average  sensor  irradiance  in  Figures 
1 through  5,  where  each  plot  represents  a 
different  set  of  operating  conditions.  The 


first  case  analyzed  is  the  photon-noise- 
limited  resolution  of  50%  contrast  vertical 
bars,  where  all  system  noise  and  MTF  effects 
are  removed.  The  bar  length-to-width  ratio 
is  5:1.  Because  of  the  3: A aspect  ratio  of 
the  sensor  area,  the  Nyquist  limit  for 
vertical  bars  is  375  TV  lines  per  picture 
height.  The  direct-view  silicon  sensor, 
with  the  high  quantum  efficiency  of  silicon, 
is  the  most  sensitive  sensor  In  the  absence 
of  system  noise. 

Case  2,  shown  In  Figure  2,  is  again  for 
50%  contrast  vertical  bars,  but  now  includes 
I’jStem  noise  and  MTF  effects.  RMS  amplifier 
noise  for  the  direct-view  sensor  is  assumed 
to  be  30  electrons  per  packet,  while  that 
for  the  EBS-CCD  imagers  is  assumed  to  be 
150  electrons.  The  EBS  gain  used  is  2000, 
which  is  typically  obtained  in  SIT  tubes 
with  Vacc  of  10  keV.  The  proximity  tube 
photocathode-to-target  separation  is  20  mils 
which  is  probably  a lower  limit  for  this 
parameter.  No  fixed  pattern  noise  is  inclu- 
ded in  this  case.  A detailed  list  of  all 
other  model  parameter  values  used  is  given 
at  the  end  of  this  section. 

The  EBS-CCD  sensors  outperform  the 
direct-view  CCD  sensor  at  sensor  irradiance 
levels  below  6 x I0“6  w/m2.  Above  this 
irradiance  level,  performance  is  roughly 
comparable  for  all  sensors.  The  average 
sensor  irradiance  at  which  sensor-limiting 
resolution  drops  to  100  TVL/PH  is  about  a 
factor  of  eight  darker  for  the  proximity 
tubes  than  for  the  direct-view  CCD,  and 
about  a factor  of  25  darker  for  the  inverter 
tubes  than  for  the  direct-view  CCD. 

Case  3,  shown  in  Figure  3,  is  a varia- 
tion on  Case  2 in  which  the  gain  of  the  EBS- 
CCD  tubes  has  been  reduced  to  1000.  The 
overall  relationship  of  the  curves  to  one 
another  has  not  changed  appreciably.  The 
100  TVL/PH  limiting  resolution  point  still 
occurs  at  a sensor  irradiance  level  about 
a factor  of  7 darker  for  the  proximi ty  tubes 
than  for  the  direct-view  CCD,  and  about  a 
factor  of  20  darker  for  the  inverter  tubes 
than  for  the  direct-view  CCD. 

Case  A,  shown  in  Figure  A,  is  another 
variation  of  Case  2,  this  one  having  fixed 
pattern  noise  included.  The  rms  fixed 
pattern  noise  is  assumed  to  be  30  electrons 
per  pixel  per  field  for  the  direct-view  CCD, 
anJ  1000  electrons  for  the  EBS-CCD  tubes. 

All  the  curves  have  moved  to  higher  irradiance 
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levels,  but  the  EBS-CCO  sensors  still  out- 
perform the  direct-view  CCD.  The  100  TVL/PH 
limiting  resolution  point  occurs  at  an  irra- 
diance  level  about  a factor  of  four  times 
darker  for  the  proximity  tubes  than  for  the 
direct-view  CCD,  and  about  13  times  darker 
for  the  inverter  tubes  than  for  the  direct- 
view  CCD. 


m • 0.57  (photocathode-to-target  minifi- 
p cation  for  Inverter  tube) 

fg  “ 35  S-p/mm  (one-sigma  frequency  for 
Gaussian  pretarget  MTF  of  inverter 
tubes) 

Vacc  » 10  V (accelerating  voltage  for 
proximity  tubes) 


Case  5,  shown  in  Figure  5,  is  yet  an- 
other variation  on  Case  2,  in  which  the 
photocathode-to-target  separation  for  the 
two  proximity-focused  tubes  is  increased  to 
50  mils.  The  curve  for  the  GaAs  proximity 
tube  is  essentially  unchanged  by  this  in- 
crease, while  the  curve  for  the  S-20  proxi- 
mity tube  has  dropped  a little  at  the  higher 
spatial  frequencies.  The  reason  for  the 
different  results  is  the  wider  angular  dis- 
tribution and  higher  emission  energy  for 
electrons  emitted  from  the  S-20  photocathode. 
Even  for  the  S-20  proximity  tube,  however, 
the  change  is  small,  particularly  at  the 
lower  light  levels. 


We  now  list  the  model  parameter  values 
not  already  given  that  have  been  used  in 
the  preceding  analyses. 


Tf 

T 

eye 

a 

R 

S 

D 

T 


16  msec  (sensor  field  time) 

0.1  sec  (eye  integration  time) 

350  cm  1 (effective  silicon  optical 
absorption  coefficient) 

0.3  (effective  silicon  optical 
ref lecti vl ty) 

1000  cm/sec  (surface  recombination 
velocity) 

2 

35  cm  /sec  (minority  carrier  diffu- 
sion coefficient) 

100  p sec  (minority  carrier  lifetime) 


10.5  eV,  for  S-20  photocathodes,  and 

0.026  eV,  for  GaAs  photocathode, 
(typical  photoelectron  emission 
energies  for  proximity  tubes) 

30°,  for  S-20  photocathode,  and 

7°,  for  GaAs  photocathode,  (typical 
photoelectron  emission  angles  for 
proximity  tubes). 


C.  SUMMARY 

The  low-light-level  imaging  performance 
of  different  EBS-CCO  tubes  has  been  analyti- 
cally compared,  along  with  that  predicted 
for  direct-view  CCD  imagers.  Because  its 
primary  phocosurface  Is  silicon,  thequantum 
efficiency  of  the  direct-view  CCD  is  higher 
than  that  of  the  EBS-CCD.  However,  since 
there  is  no  gain  prior  to  CCD  readout,  the 
noise-equivalent  signal,  referred  to  the 
CCD  output,  is  considerably  higher  for  the 
direct-view  CCD,  even  when  it  is  assumed 
that  the  noise  is  dominated  by  amplifier 
noise  of  a few  tens  of  electrons  per  packet. 
For  this  assumption  to  be  valid,  the  CCD 
must  be  cooled  below  room  temperature  in 
some  fashion.  Thus,  in  comparison  with 
other  forms  of  low-light-level  image  sensors, 
the  EBS-CCD  tube  appears  to  offer  signifi- 
cant advantages  in  terms  of  size,  sensitivity, 
and  temperature  of  operation. 


6 pm  (thickness  of  neutral  bulk  layer) 

10  pm  (total  thickness  of  CCD  sub- 
strate) 

3 (number  of  phases) 

10  ® (loss  per  transfer  in  output 
serial  register) 

10  ® (loss  per  transfer  in  sensor  and 
storage  registers) 

2 

10  nA/cm  (dark  current  density  in 
CCD  at  T - 300  K) 

7.8  MHz  (output  p.xel  clocking  rate) 
150  SLp/im  (lens  cutoff  frequency) 


1 I . STATUS  OF  ICCD  DEVELOPMENT 
A.  INTRODUCTION 

The  development  of  charge  coupled  devi- 
ces has  had  a major  impact  on  all  of  the 
semiconductor  industry.  The  self-scanning 
and  direct  read-out  capabilities  of  these 
arrays  eliminate  the  requirement  of  storage 
targets  and  read-out  guns  used  in  conven- 
tional camera  tubes.  The  use  of  a CCD  array 
incorporated  into  a vacuum  tube  envelope  for 
operation  in  the  electron  bombarded  mode 
utilizing  a photocathode  as  the  electron 
source  will  permit  the  advent  of  miniaturized 
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rugged,  compact  and  simplified  camera  tubes 
and  a new  class  of  video  processing  devices 
for  military  and  commercial  applications. 

The  EOPD  Tube  and  Sensor  Laboratories 
at  Fort  Wayne,  Texas  Instruments,  the  Night 
Vision  Laboratories  at  Fort  Belvoir,  and 
the  NASA  Goddard  Space  Center  in  Greenbeit 
have  been  working  on  the  development  of  CCD 
devices  for  camera  tube  applications. 

Current  development  programs  being  carried 
out  include  the  following. 

• The  development  of  a proximity  focused 
diode  tube  incorporating  a Tl  CCO  array 
for  operation  in  the  electron  bombarded 
mode. 

• Th~  development  of  a magnetically  focused 
tube  incorporating  a Tl  CCO  array  for 
operation  in  the  EB  mode. 

In  addition,  a general  development  pro- 
gram has  been  initiated  within  ITT  to  design 
and  develop  the  necessary  equipment  to  per- 
mit the  monitoring  of  CCD  electrical 
characteristics  as  a function  of  exposure 
to  tube  processing  parameters  and  provide 
the  means  for  the  test  and  evaluation  of 
the  vacuum  tubes  being  developed. 

The  following  sections  will  briefly 
outline  the  primary  objectives  of  the 
current  programs,  discuss  the  compatibility 
problems  associated  with  subjecting  a CCD 
array  to  the  effects  of  vacuum  tube  process- 
ing, describe  the  two  CCD  tube  designs  being 
developed,  and  present  results  based  on 
current  data  available. 

B.  PROGRAM  OBJECTIVES 

The  primary  objective  of  the  current 
programs  is  to  provide  operational  vacuum 
devices  that  will  permit  the  test  and  evalua- 
tion of  the  performance  characteristics  of  a 
charge  coupled  device,  CCD,  that  is  mounted 
in  a vacuum  tube  envelope  and  operated  in 
the  electron  bombarded  mode.  Two  tube  types 
are  being  developed,  a proximity  focused 
diode  and  a magnetically  focused  tube.  Both 
tube  types  incorporate  a Tl  100  x 160  CCD 
array  that  has  been  mounted  on  a specially 
designed  output  flange. 

The  determination  of  the  compatibility 
problems  associated  with  subjecting  a CCD 
array  to  the  effects  of  vacuum  tube  process- 
ing as  required  for  the  development  of  CCD 


camera  tubes  is  of  prime  importance.  Specific 
compatibility  problems  under  investigation 
include  the  following. 

• The  determination  of  the  ability  to 
incorporate  a CCD  header  assembly  into  a 
vacuum  tube  envelope  using  standard 

hel iarc  welding  procedures. 

• Determination  of  the  effects  of  vacuum 
baking  during  tube  processing  on  the 
vacuum  integrity  of  the  CCD  header  assem- 
bly. 

• Evaluation  of  the  effects  of  vacuum 
baking  on  CCD  electrical  characteristics 
such  as  dark  current  and  transfer  effi- 
c i ency . 

• Evaluation  of  the  effects  of  exposing 
the  CCD  array  to  alkali  vapors  required 
for  photocathode  formation. 

• Determination  of  the  performance  charac- 
teristics of  a CCD  array  operated  in  the 
electron  bombarded  mode. 

C.  PROXIMITY  AND  MAGNETIC  FOCUS  CCD  TUBE 
DESIGNS 

Both  the  proximity  focused  and  the  mag- 
netic CCD  tubes  being  developed  consist  of 
an  all-metal-ceramic  tube  envelope,  an  output 
CCD  header  assembly,  and  magnesium  fluoride 
input  window.  Both  tubes  are  fabricated 
using  ITT  remote  processing  techniques 
wherein  the  photocathode  is  formed  on  the 
input  window  while  physically  isolated  from 
the  tube  envelope  in  the  vacuum  forming 
chamber.  Present  contracts  call  for  the  use 
of  a bialkali  KCsSb  cathode.  After  cathode 
formation,  the  Input  faceplate  is  trans- 
ferred and  indium  sealed  tothe  tube  body. 
Both  tube  types  use  the  same  Tl  CCD  header 
assembly,  mounted  on  an  ITT  output  flange. 
The  CCD  header  assembly  is  shown  in  Figure 
6. 

An  outline  drawing  of  the  ITT  proximity 
ceramic  envelope,  the  hel iarc  welded  CCD 
header  assembly  and  the  re-entrant  magne- 
sium fluoride  input  window.  The  overall 
tube  length  is  .60  inches.  The  tube  has 
been  designed  to  permit  operation  with  10-15 
KV  applied  between  the  photocathode  and  the 
CCD  array.  The  re-entrant  cathode  faceplate 
can  be  modified  to  accommodate  changes  in 
spacing  required  to  achieve  optimum  resolu- 
tion, consistent  with  acceptable  field 
gradients  and  input  energy  levels  required 
for  optimum  performance  of  the  CCD  array. 


The  magnetic  tube  design  is  shown  in 
Figure  8.  It  consists  of  a brazed  ceramic- 
metal  stack  that  is  1.70  inches  in  diameter 
and  approximately  3.8  inches  in. length.  The 
tube  utilizes  the  same  Tl  CCDheader  assembly 
that  is  hel iarc  welded  into  the  output 
section.  A gating  mesh  has  been  Included 
and  an  indium  sealed  piano-piano  magnesium 
fluoride  input  window  completes  the  basic 
tube  assembly.  The  tube  is  designed  to 
operate  at  20  KV  and  requires  a 200  gauss 
magnetic  field  for  first  loop  focus.  The 
limiting  resolution  of  the  tube  electron 
optics  is  in  excess  of  one  hundred  line 
pairs  per  mm,  exclusive  of  the  CCD  array 
character i st ics. 

An  output  photo  of  a potted  ITT  CCD 
diode  is  shown  as  Figure  9. 

0.  RESULTS  TO  DATE 

To  date,  only  tubes  of  the  proximity 
focused  design  have  been  precessed,  using 
available  CCD  header  assemblies.  It  is 
expected  that  CCD  header  assemblies  will  be 
available  in  the  near  future  to  permit  fab- 
rication of  the  magnetic  tubes. 

Three  Tl  CCD  header  assembl ies  were 
hel iarc  welded  into  ITT  diode  assemblies. 

The  tubes  were  subjected  to  a 325°C  vacuum 
bake,  cathodes  were  remotely  processed, 
transferred  and  sealed  to  the  tube  envelopes. 
All  three  tubes  were  shipped  to  NVL  for  test 
and  evaluation.  All  tubes  had  Tl  arrays  of 
the  100  x 1 60  buried  channel  design,  mounted 
on  a 33-pin  header  assembly  and  providing 
an  active  area  of  .08  cm  with  a pixel  dim- 
ension of  0.9  x 0.9  mils.  All  three  tubes 
were  checked  for  cathode  stability  for  a 
minimum  period  of  three  weeks  prior  to 
shipment.  No  measurable  change  in  cathode 
sensitivities  was  detected. 

The  first  tube  was  operated  in  the  EB 
mode  at  the  NASA  Goddard  Space  Center  with 
the  following  preliminary  results  reported. 

• The  tube  was  operated  with  12.5  KV 
applied  between  cathode  and  the  CCD 
array. 

• The  array  dark  current  from  the  active 
area  was  measured  at  9 n a,  relative  to 
an  original  measurement  of  5.2  na 
measured  prior  to  tube  processing. 

This  indicates  less  than  a factor  of 


two  change  In  the  total  CCD  dark  current 
after  being  subjected  to  all  tube  pro- 
cessing parameters. 

• An  output  resolution  of  8 to  8 line 
pairs/mm  was  observed.  Maximum  resolu- 
tion capability  was  not  established. 

(The  photocathode  to  CCD  separation  of 
.27  in.  used  would  limit  resolution  to 
approximately  8 Ip/mm.) 

• Comparison  of  the  output  image  quality 
with  the  CCD  array  operated  in  the  EB 
mode  to  the  image  obtained  with  the 
array  operated  in  the  photoemissive 
mode  showed  no  essential  difference, 
with  the  exception  of  a somewhat  higher 
granular  appearance  of  the  EB  output. 

It  should  be  noted  that  the  first  tube 
processed  and  described  above  did  not  con- 
tain a re-entrant  cathode  faceplate,  and 
therefore,  did  not  provide  optimum  cathode 
to  CCD  array  spacing.  The  array  dark 
current  on  the  second  and  third  tubes  deli- 
vered indicated  an  increase  by  a factor  of 
three  and  ten  relative  to  original  measure- 
ments prior  to  processing.  In  addition, 
preliminary  tests  on  these  two  tubes  have 
indicated  the  presence  of  an  inoperable  sec- 
tor within  the  100  x 160  CCD  arrays.  The 
nature  and  cause  of  these  conditions  is 
currently  under  further  investigation. 

Although  the  above  data  is  preliminary, 
and  indeed  limited  in  detail  and  scope,  it 
does  permit  the  following  observations  to 
be  made. 

• Tl  CCD  header  assemblies  can  and  have 
been  subjected  to  hel iarc  welding, 
vacuum  bake,  and  tube  processing  cycles 
without  loss  of  vacuum  integrity. 

• Tube  processing  and  cathode  formation 
had  no  known  adverse  effects  on  the 
electrical  characteristics  of  the  CCD 
array.  Dark  current  on  the  first  array 
remained  within  a factor  of  two  of  ori- 
ginal 1 eve  I s . 

• Output  imagery  has  been  achieved  from  a 
Tl  CCD  array  sealed  into  a miniaturized 
ITT  diode  structure  and  operated  in  the 
electron  bombarded  mode. 

Additional  data  and  information  will 
become  available  as  programs  similar  to 
those  discussed  herein  proceed  beyond  their 
first  year  of  implementation. 


139 


LIMITING  RESDLUTIDN  (TVL/PH) 


acknowledgements 


We  hereby  wish  to  acknowledge  the 
technical  efforts  and  contributions  of 
Mr.  Donald  H.  Ceckowski,  CCD  Project  Engineer, 
EOPD,  Fort  Wayne,  and  the  support  of  Mr. 
Andrew  Kennedy,  CCD  COTR,  NVL,  and  Mr.  Jack 
Williams,  CCD  COTR,  NASA/Goddard. 

REFERENCES 

I.  F.  A.  Rosell  and  R.  H.  Willson,  "Perfor- 
mance Synthesis  (Electro-Optical  Sensors)," 
Westinghouse  Defense  and  Electronic 
Systems  Technical  Report,  AFAL-TR- 72-279 
(August  1972);  "Performance  Synthe- 


sis of  Electro-Optical  Sensors," 
Westinghouse  Defense  and  Electronic 
Systems  Technical  Report,  AFAL-TR-73-260 

(August  1973);  "Performance 

Synthesis  of  Electro-Optical  Sensors," 
Westinghouse  Defense  and  Electronic 
Systems  Technical  Report,  AFAL-TR- 7*1-1  Ok 
(April  197*). 

2.  J.  B.  Barton,  "Development  of  Electron- 
Bombarded  Silicon  (EBS)  Charge  Coupled 
Device  (CCD)  Imagers,"  Final  Technical 
Report  by  Texas  Instruments  Incorporated 
on  NVL  Contract  No.  DAAK02-7k-C-0359 
(May  1975),  PP-  '•3-96. 


□ Direct-View  CCD 

O Proximity-Focused  EBS-CCD,  S-20  Photocathode 

A Proximity-Focused  EDS-CCO,  GaAs  Photocathode 

♦ Inverter  EBS-CCD.  25  n»n  S-20  Photocethode 

X Inverter  EBS-CCD , 25  an  GeAs  Photocethode 

Case  I.  Photon-Noise-Limited  Resolution  of  500  x 500  Imagers;  No  MTF 
Effects  Included;  Vertical  Bars  in  Test  Pattern 

FIGURE  1 
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Direct -View  CCD,  T » 210  K.  N =30  Electrons 
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PrtKimity-Focussd  E8S-CCD,  S-20  Photocathods 
ProK imi ty-Focu$«d  EBS-CCD,  GaAs  Photocathod* 
Inverter  EBS-CCO,  25  tm  S-20  Photocethode 
Inverter  EDS -CCD,  25  im  GeAs  Photocethode 


T « 300  K 

H = 150  Electrons 

ne 


Case  4.  Variation  on  Case  2,  with  Fixed  Pattern  Noise  Included 


FIGURE  L 


□ Direct-View  CCD,  T - 210  K,  II  - 30  Electro 
O Proximity-Focused  EBS-CCO,  S-20  Photocethode 

A Proximity-Focused  EBS-CCD,  GeAs  Photocethode 

+ Inverter  EBS-CCO,  2$  me  S-20  Photocethode 

X Inverter  EBS-CCO,  2$  me  GeAs  Photocethode 

Cese  5.  Verietion  on  Case  2,  with  Proximity  Tube  Photocathode-to-Target 
Separation  Increased  to  SO  Nils 

FIGURE  s 


}T  » 300  K 

Nm  - 150  Electrons 


142 


i 

) 

! 


1 


DEVELOPMENT  OF  A 400  x 400  ELEMENT,  BACKSIDE  ILLUMINATED  CCD  IMAGER 
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ABSTRACT.  Thinned,  backside  illuminated  CCD  imagers  with  400  x 400  resolution  elements 
have  been  fabricated  using  a double  level  anodized  aluminum  electrode  system.  These  imagers 
have  been  developed  for  application  to  deep  space  photography  where  array  read  out  rates  of 
about  10  kHz  and  operating  temperature  near  -40°C  are  envisioned.  The  performance  of  the 
400  x 400  will  be  discussed  and  comparisons  made  to  the  operating  parameters  of  a smaller 
160  x 100  array  fabricated  with  the  same  technology. 


INTRODUCTION 

Several  CCD  technologies  have  been  suc- 
cessfully applied  to  fabricate  large  area 
imaging  arrays. 1-3  Illumination  may  be  inci- 
dent on  the  front,  or  electrode  side  of  the 
array,  but  interference  and  absorption  in 
either  polysilicon  or  metal  oxide  electrodes 
can  limit  performance.  Backside  illumina- 
tion, where  radiation  is  focused  on  the 
planar  back  surface  remote  from  the  CCD 
electrodes,  gives  uniform  and  high  spectral 
responsivity.  Backside  illumination^'7 
requires  however  that  the  CCD  be  thinned  to 
about  10  pm  to  provide  high  resolution. 

Large  area  CCD  arrays  are  being  consi- 
dered for  application  in  deep  space  photo- 
graphy where  the  requirements  are  such  that 
the  imager  should  operate  at  low  data  rates 
10  kHz)  which  requires  device  cooling 
(-  -40°C)  to  reduce  thermally  generated 
dark  current  during  the  long  read  out  se- 
quence. In  this  application  the  self- 
canned  CCD  may  replace  the  conventional 
electron  beam  scanned  vidicon.  However, 
the  processing  complexity  of  the  CCD  as 
compared  to  the  vidicon  presents  formidable 
problems  in  obtaining  high  quality,  defect 
free  devices  which  are  greater  in  area  than 
present  commercial  M0S  integrated  circuits. 

This  paper  describes  the  development 
at  Texas  Instruments  of  a three  phase  400  x 
400  thinned,  backside  illuminated  CCD  array. 
Double  level  anodized  aluminum  technology* 


is  utilized.  The  performance  of  a 160x100 
array  was  discussed  recently,6  and  in  this 
paper  we  extend  this  discussion  to  the  400 
x 400  imager.  Both  arrays  have  essentially 
the  same  ser ial-paral lei -serial  organi zat ion 
Some  of  the  processing  details  of  particu- 
lar concern  with  large  arrays  will  be  dis- 
cussed. 

DESIGN  AND  FABRICATION 

The  400  x 400  is  an  n-channel,  three- 
phase  (3<J>)  CCD,  typically  fabricated  on 
10-15  ohm-cm  p-silicon.  The  resolution 
element  size  is  0.9x0. 9 mil2  which  requi  res 
that  each  parallel  and  serial  electrode  be 
0.3  mil  in  width.  The  channel  width  in  the 
parallel  section  is  0.7  mil  with  0.2  mil 
channel  stop  regions  for  an  active  area  of 
360  x 360  mil2  on  a 496  x 496  mil2  chip  of 
silicon.  First  and  second  level  aluminum 
electrodes  are  isolated  by  about  2500  A of 
Al203  formed  by  first  level  anodization. 

The  structure  is  shown  schematically  in 
Figure  1 where  it  is  apparent  that  a given 
phase  occurs  alternatively  on  first  and 
second  level  electrodes.  A photomicrograph 
of  the  corner  of  the  array  showing  the  out- 
put amplifier  is  shown  in  Figure  2.  Since 
in  the  3$  design,7  each  level  is  formed  at 
an  independent  step  in  the  CCD  process, 
integration  under  a single  parallel  phase 
could  possibly  introduce  line  to  line 
variation  in  the  video  output.  Oscilloscope 
photographs  showing  several  video  lines 
are  shown  in  Figure  3.  Figure  3a  indicates 


video  resulting  from  integration  under  $>j 
only  and  Figure  3b  shows  video  after  inte- 
gration under  both  and  ij>3.  The  line 
pairing,  which  is  a feature  of  the  3 (p  design 
is  con*>letely  eliminated  by  using  two  elec- 
trodes. Square  wave  amplitude  response 
(SWAR)  data,  giving  resolution  performance 
of  the  imager,  is  more  reproducible  using 
the  two  electrode  scheme. 


The  second  level  electrodes  overlap 
those  on  the  first  level  by  0.05  mils  to 
give  a completely  sealed  electrode  system. 
This  allows  buried  channel  array  operation 
with  high  charge  transfer  efficiency  (CTE) . 
This  design  leaves  0.2  mil  separat Ion  between 
electrodes  which  is  the  minimum  that  can 
reliably  be  opened  by  conventional  wet  etch- 
ing technique.  To  maintain  the  design  over- 
lap of  0.05  mil  In  both  parallel  and  serial 
sections  presents  formidable  difficulties  in 
both  optical  photomask  generation  and  slice 
processing.  CCD  processing  requires  nine 
photomask  levels  which  must  be  registered 
with  each  other,  although  of  course,  some 
are  more  critical  than  others.  Random 
variations  inherent  in  the  generation  of  the 
master  masks,  which  are  due  to  mechanical 
limitations,  can  amount  to  ±0.015  mil  and 
this  can  significantly  affect  a design  over- 
lap of  0.05  mil.  The  design  overlap  must 
also  be  maintained  over  many  repeated  arrays 
on  the  working  photomasks  used  in  processing. 
For  processing  on  two  inch  diameter  silicon 
slices,  six  to  seven  bars  can  be  used  while 
for  three  inch  processing,  21  bars  can  be 
used. 


A second  factor  which  impacts  device 
yield  is  the  occurence  of  random  defects  in 
the  photomasks  such  as  accidental  bridging 
between  two  channel  stops  (nonfatal)  or 
between  two  metal  electrodes  (fatal).  Indi- 
vidual treatment  to  eliminate  these  defects 
is  often  necessary  on  the  master  reticle. 
These  defects  can  be  due  to  imperfections  in 
the  SijNi,  used  for  the  working  masks  or  to 
dust  particles  in  related  processing  and 
individual  treatment  is  again  used  in  most 
cases  to  remove  most  of  these  defects.  In 
spite  of  these  problems,  however,  it  has  been 
found  that  the  design  tolerances  can  be  main- 
tained over  sufficiently  wide  fields  so  that 
processing  can  be  performed  on  three  inch 
silicon  slices.  At  the  present  time  device 
performance  in  so  far  as  it  is  effected  by 
photolithography,  does  not  appear  to  be  sig- 
nificantly affected  by  location  ona  processed 
slice.  Extension  to  larger  arrays,  fbrwhich 


the  tolerance  must  be  maintained  over  larger 
areas  will  be  a progressively  more  difficult 
problem. 

The  400  x 400  is  designed  to  operate  In 
the  full  frame  imaging  mode.  An  upper  and 
lower  output  serial  register  is  provided  to 
allow  forward  or  reverse  array  operation 
which  Increases  device  yield  in  the  event  of 
a malfunction  of  one  of  the  on-chip  output 
amplifiers.  The  array  is  divided  electri- 
cally into  four  independent  1 00 x 400  sect  ions 
so  that  a fatal  processing  defect  in  one 
section  does  not  preclude  operation  of  a 
partial  array.  This  design  feature  allows 
an  increased  amount  of  performance  data  from 
a processed  lot  to  be  obtained  for  evaluation 
purposes.  All  electrical  inputs  necessary 
for  array  operation  can  be  brought  to  bond 
pads  along  two  edges  of  the  CCD  chip.  Thus 
each  400  x 400  chip  can  be  cut  with  a few 
mils  of  the  two  remaining  array  edges  to 
allow  a 800  x 800  mosaic  to  be  made  with  the 
loss  of  only  5-101  of  the  active  area. 

The  output  from  the  CCD  is  by  a simple 
precharge  amplifier  with  reset  switch  (buried 
channel)  and  source  follower  (generally 
surface  channel).  For  generation  at  10  kHz 
follower  load,  resistors  of  up  to  50  K are 
possible  to  reduce  on  chip  power  dissipation 
and  membrane  heating  while  maintaining  low 
H0SFET  noise. 

Bond  pads  are  extended  some  50  mils  from 
the  active  array  so  that  the  edges  of  the 
thinned  silicon  can  extend  outside  this  area 
but  still  leave  a thicker  25  mil  rim  for 
membrane  support.  Thinning  is  performed  by 
chemical  etching  techniques  in  which  either 
a selected  chip  or  complete  slice  can  be 
thinned.  The  resulting  membrane  surface  is 
highly  reflective  and  can  readily  be  coated 
with  an  antireflection  (AR)/pass I vat ing  layer 
of  SiO.  Although  the  membrane  is  generally 
somewhat  nonplanar  due  to  process- induced 
stress,  device  performance  does  not  appear 
to  be  affected,  even  by  repeated  temperature 
cycling  between  24°C  and  -40°C.  A photo- 
graph of  a CCD  mounted  in  a 40  pin  dual  in 
line  header  is  shown  in  Figure  4. 

Buried  channel  operation  of  the  array  is 
necessary  to  achieve  high  performance  at  all 
points  in  the  array.  A 0.5  to  1.0  pm  deep 
channel  is  formed  by  implanting  phosphorus 
and  a CTE  > 0.9999  is  measured  in  the  serial 
register  with  8-10  V clocks  and  no  electri- 
cally introduced  fat  zero.  Equally  good  CTE 
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appear  to  depend  strongly  on  oxide  thickness. 


t 


In  the  parallel  section  is  inferred  from  the 
square  wave  amplitude  response  (SWAR)  data 
and  is  also  measured  by  electrically  inject- 
ing a pulse  into  the  upper  serial  register 
and  transferring  through  the  parallel  section 
to  the  power  output  amplifier. 

CCD  device  processing  generally  makes 
use  of  conventional  MOS  techniques,  p* 
channel  stops  and  n+  diodes  are  formed  by 
boron  and  phosphorus  diffusion,  respectively. 
Typical  gate  oxide  thickness  for  the  CCD's 
is  1350  - 1500  A.  The  buried  channel  is  then 
formed  by  the  phosphorus  implant  and  subse- 
quent drive  in  diffusion.  This  process  is 
critical  to  obtain  low  dark  current  imagers. 
After  first  level  metal  patterning,  themetal 
is  protected  by  a layer  of  photoresist  (vias) 
in  certain  areas  which  must  connect  to  sub- 
sequent second  level  metal  electrodes.  Vias 
eliminate  the  need  for  less  reliable  n+ 
diffused  tunnels  as  a means  of  interconnec- 
tion for  the  electrode  structure  and  allows 
all  electrodes  to  be  brought  out  on  the  same 
side  of  the  array  (Figure  2).  The  exposed 
metal  is  anodized  and  interconnects  which 
had  beer  required  for  electrical  continuity 
during  anodization  are  removed.  Second  level 
metal  is  then  patterned  to  give  a completely 
sealed  electrode  system.  Detai led  inspection 
of  the  first  level  pattern  after  etching 
generally  revealed  undesirable  accidental 
bridges  between  adjacent  metal  electrodes 
due  to  either  resist  contamination  during 
processing  or  to  photomask  defects.  These 
would  result  in  intralevel  shorts  if  not 
removed  prior  to  anodization.  Pinholes  in 
the  anodic  oxide  which  isolates  first  and 
second  level  electrodes  will  result  in  inter- 
level  shorts.  Anodization  is  a self-healing 
process  and  the  quality  of  the  interlevel 
isolation  is  very  high.  Nevertheless,  metal 
defects  are  the  dominant  failure  mode  for 
our  CCD's.  Pinholes  in  the  gate  insulator 
are  also  fatal  defects  and  considerable 
effort  has  been  mode  to  grow  high  quality 
Si02  layers.  Dry  oxidation  between  IOOO°C 
and  II00°C,  with  and  without  HC1  impurity 
doping  and  steam  oxidation  at  950°  have  been 
investigated  as  well  as  the  influence  of 
chemical  and  vapor  cleaning  techniques  on 
the  pinhole  density  in  the  gate  oxide  layer. 
At  present,  the  CCD  gate  is  grown  by  steam 
oxidation  and  pinhole  densities  well  below 
1/cm2  have  been  achieved.  The  formation  of 
pinholes  appears  to  result  from  nonrandom 
defects  or  particles  at  the  silicon  surfage 
prior  to  oxidation.  Over  the  range  1000  A 
to  1500  X,  the  pinhole  density  does  not 


The  thermally  generated  array  dark  cur- 
rent in  the  buried  channel  arrays  can  be 
very  low  (I  nA/cm  ),  provided  bulk  getterlng 
processes  are  applied  In  processing.  At 
these  levels  the  dominant  dark  current  con- 
tribution is  generated  at  the  surface  rather 
than  in  the  bulk  silicon  as  evidenced  by  a 
weak  dependence  of  array  dark  current  on 
clock  voltage.  Storage  times  to  reach  full 
well  of  15  sec  at  24°C  and  about  three  hours 
at  -40°C  have  been  achieved  with  the  smaller 
160  x 100  array.  The  incidence  of  localized 
dark  current  spikes  in  these  deices  is  essen- 
tially zero.  Since  the  generation  rate  for 
these  spikes  does  not  decrease  with  tempera- 
ture as  does  the  bulk  silicon  contribution, 
long  storage  times  (or  low  dark  currents)  at 
reduced  temperature  require  low  defect 
density  devices. 

IMAGER  PERFORMANCE 

The  successful  use  of  large  area  CCD 
imagers  in  any  application  requires  that  an 
array  meet  many  performance  criteria  simul- 
taneously. In  particular,  low  dark  current 
with  high  uniformity  must  be  combined  with 
high  uniform  spectral  responsivity  to  opti- 
cal radiation.  This  latter  parameter  is  of 
particular  concern  because  large  pixel  to 
pixel  nonuniformity  In  response  may  require 
excessive  data  reduction  programs  to  allow 
maximum  information  to  be  obtained  from  the 
array.  High  CTE  will  result  in  maximum  SWAR 
across  the  array  while  the  backside  illumi- 
nated geometry  will  provide  the  highest 
responsivity  and  quantum  efficiency.  Other 
parameters,  such  as  their  membrane  planar i ty, 
will  impact  the  final  design  of  the  optiqs 

which  focus  the  image  onto  the  CCD  surface. 

u 

% 

Operation  of  a 400  x 400  array  at  10  kHz 
requires  a read  out  time  of  16  sec  versus 
1.6  sec  for  the  160  x 100.  The  read  out 
sequence  must  be  performed  in  the  dark  to 
avoid  image  streaking.  Low  data  rates  also 
streak  out  any  individual  blemished  pixels 
so  that  defects  which  appear  strongly  local- 
ized at  3 MHz  are  not  as  well  defined  at 
10  kHz.  While  this  will  improve  uniformity 
of  response,  it  limits  the  dynamic  range  of 
the  imager.  Imagery  taken  with  the  400  x 
400  at  -40°C  with  a 0.25  sec  integration 
time  and  a 10  kHz  read  out  i s shown  i n F i gure  4 . 

Performance  parameters  for  two  repre- 
sentative 160  x 100  buried  channel  arrays 
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have  been  presented  elsewhere.  In  Table  I, 


TABLE  I 


Characteristics  of  Typical 
CTE 

Dark  Current  24°C 
-40°C 

Respons i vi ty 

SWAR  at  the  Nyquist  Frequency 
Paral lei  to  Serial 
Perpendicular  to  Serial 

Uniformity  of  Response  (-40°C) 

Dark  Uniformity  (-40°C) 


160  x 100:  0.9999  (8V  Clocks) 

6.5  (1.8)  nA/cm2 

0.008  (0.0011)  nA/cm2 

90  mA/watt  (No  AR) 

1(9$  (Array  center) 

50$  (Array  center) 

0.12  (0.08) 

0.50  (0.14) 


400  x 400:  0.9999  (8V  Clocks) 

7.4  nA/cm2 
0.19  nA/cm2 

72  mA/watt  (No  AR) 

39$  (Center) 

36$  (Center) 

0.16 

0.43 


representative  average  and  best  parameter 
values  are  given  for  1 60  x 100  devices  based 
on  experience  gained  during  a twelve-month 
period.  Also  shown  are  values  for  initial 
buried  channel,  400  x 400  arrays.  Excellent 
charge  transfer  characteristics  are  evidenced 
by  high  CTE  and  SWAR.  For  the  larger  array, 
there  is  only  a few  percent  decrease  in  SWAR 
going  ^from  a pixel  near  the  output  to  one 
far  from  the  output. 

The  160  x 100  array  design  has  on  chip 
preamplifiers  with  MOSFET  loads  which  result 
in  heating  of  the  membrane  and  this  can  limit 
device  storage  time.  The  storage  times 
quoted  above  were  determined  by  disabling  the 
amplifiers  during  a variable  integration 
period  and  reading  out  the  serial  register 
rapidly  at  I MHz.  Membrane  heating  from  the 
source  Follower  on  the  400  x 400  can  also  be 
observed  at  long  integration  times  where 
typical  on  chip  power  dissipation  is  20-40 
milliwatts  for  a 5 Kfl  off  chip  load.  This 
lead  to  increased  dark  current  nonuniformity. 
These  effects  can  be  minimized  however  by 
positioning  the  amplifier  on  the  thick  sili- 
con rim  or  by  using  a higher  load  resistor 
(say,  50  KI2)  which  is  certainly  permissable 
for  10  kHz  data  rates.  As  indicated  in 
Table  I,  initial  400  x 400's,  which  were 
processed  on  three-inch  silicon,  typically 
showed  a higher  density  of  localized  dark 
current  blemishes  than  expected  from  recent 
160  x 100's.  The  contribution  of  these 
blemished  pixels  to  array  dark  current  does 
not  decrease  like  T3'2  exp(-Eg/2kT)  as  pre- 
dicted and  higher  than  expected  dark  current 
is  measured  at  -40°C.  These  localized  spikes 


may  be  due  to  defects  in  the  s i licon  substrate, 
residual  impurities  in  the  silicon,  or 
implant  damage  which  is  not  completely 
annealed.  Subsequent  processing  improve- 
ments are  expected  to  significantly  reduce 
these  localized  dark  current  sites  to  the 
low  levels  seen  in  the  smaller  arrays. 

The  backside  illuminated  CCD  should  be 
characterized  by  highly  uniform  responsivity 
since  optical  radiation  is  focused  on  an 
etched  silicon  surface.  However,  membrane 
thickness  non  uniformities  often  result  in 
bands  of  higher  (or  lower)  sensitivity.  Uni- 
formity of  response,  as  measured  by  sampling 
each  pixel  with  a multichannel  analyzer  and 
defined  as  the  standard  deviation  divided  by 
the  mean,  has  been  limited  to  about  8$. 
Variations  in  the  backside  accumulation  pro- 
cess used  at  the  membrane  surface  also  lead 
to  non  uniformities  in  response,  particularly 
at  shorter  wavelengths.  Devices  with  70S 
quantum  efficiency  at  4000  A have  been  fabri- 
cated hut  at  present  an  average  value  is  in 
the  range  10  - 20$.  High  QE  devices  often 
show  some  variation  in  responsivity  as  the 
temperature  is  decreased  from  24°C  to  -40°C 
which  is  generally  not  observed  In  the  lower 
QE  devices.  Surface  passivation  with  AR 
coatings  of  SiO  have  been  applied  to  the 
membrane  surface  and  appear  to  stabilize 
device  response  against  long  term  variations. 
It  is  expected  that  improved  etching  tech- 
niques together  with  passivation  will  even- 
tually result  in  response  uniformity  of  5$ 
or  better. 
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CONCLUSIONS 


High  performance,  backside  illuminated 
CCD  arrays  have  been  demonstrated  in  a con- 
figuration sufficiently  large  to  have 
application  In  a spacecraft  environment. 
Operation  at  low  data  rate  and  -40°C  appear 
to  be  compatible  with  the  thinned  CCD  tech- 
nology. Further  improvement  in  array  perfor- 
mance is  predicted  and  improved  packaging 
techniques,  particularly  aimed  at  increasing 
stability  of  the  thin  membrane,  will  be 
implemented  to  allow  eventual  application  in 
the  spacecraft  camera  system. 
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ABSTRACT  An  internally  Intensified  Charge  Coupled  Device  (ICCD) , using  a semi-transpar- 
ent photocathode  and  front  illuminated  Fairchild  CCD201  is  described.  A light  detection 
system  incorporating  the  ICCD  should  ultimately  permit  single  photoelectron  discrimination 
at  a scan  rate  of  about  350  frames  a second.  This  will  provide  a data  rate  which  is  an 
order  of  magnitude  larger  than  comparable  systems.  Such  a device,  the  first  of  this  type, 
has  been  fabricated  by  the  Electronic  Vision  Company  and  recently  tested  at  the  Univer- 
sity of  Maryland.  The  tested  unit,  after  being  sealed  off,  had  a good  photocathode  and 
the  CCD  operated  properly  after  the  bakeout  procedure.  Successful  measurements  of  video 
noise,  electron  gain,  penetration  of  the  transfer  registers  and  damage  to  the  CCD  were 
conducted.  Before  becoming  gassy,  this  tube  performed  acceptably  in  the  critical  areas 
as  an  intensified  television  camera  for  the  low  light  level  detection.  Although  single 
photoelectron  discrimination  was  not  possible  due  to  excess  random  noise,  the  results  of 
the  tests  Indicate  that  the  expected  single  photoelectron  operation  is  feasible.  Another 
ICCD  has  been  fabricated  which  has  solved  some  of  the  problems  found  in  the  first  device. 

INTRODUCTION 

An  internally  Intensified  Charge 
Coupled  Device  (ICCD)  using  a semi-trans- 
parent photocathode  (S-20)  and  a front 
illuminated  Fairchild  CCD201  has  been  de- 
signed, fabricated  and  tested.  This  was 
the  first  successful  test  of  an  imaging 
ICCD.  It  is  designed  ultimately  to  per- 
mit single  photoelectron  discrimination 
at  a scan  rate  of  about  350  frames  per 
second.  For  diffraction-limited  astro- 
nomical observations  on  large  telescopes. 


a detection  system  using  an  ICCD  has  a 
data  rate  which  is  better,  by  a factor  of 
ten  to  thirty,  than  the  best  available  or 
projected  detection  system. 

This  ICCD,  to  be  operated  as  a 
photon  counting  array,  is  a sealed  off 
device  and  has  the  basic  configuration 
indicated  in  Figure  1. 


Schematic  Diagram  of  Intensified  Charge  Coupled  Device 
Figure  1 
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An  Incident  photon  is  converted  to  a photo- 
electron at  the  photocathode  (an  S-20  in 
this  case) . This  photoelectron  is  acceler- 
ated to  an  energy  of  about  15  Kev  and  elec- 
trostatically focused  onto  the  front  sur- 
face of  a Fairchild  CCD201.  By  ionization 
within  the  active  silicon,  the  accelerated 
photoelectron  creates  a large  number  of 
hole-electron  pairs  at  a particular  photo- 
site on  the  CCD.  These  charges  created  by 
the  single  photoelectron,  are  collected  and 
form  a charge  packet  which  is  "scanned" 
from  the  CCD  by  the  electrical  pulse  trains 
generated  from  an  external  clock.  After  a 
stage  of  amplification,  which  is  performed 
on  the  chip,  the  voltage  levels  which  rep- 
resent the  magnitude  of  the  charge  packet 
leave  on  a single  video  output  line.  This 
data  stream  is  then  electronically  proces- 
sed to  individually  detect  the  charge  packet 
produced  by  each  photoelectron. 

The  current  status  of  the  work  being 
done  at  the  University  of  Maryland  on  the 
internally  Intensified  Charge  Coupled 
Device  (ICCD)  will  be  discussed.  A general 
description  of  the  theory  and  method  of 
operation  of  the  ICCD  was  presented  in 
March  1975  at  the  Symposium  on  Charge 
Coupled  Device  Technology  for  Scientific 
Imaging  Applications  held  at  the  Jet  Pro- 
pulsion Laboratory1.  The  fabrication  of 
such  a tube  at  the  Electronic  Vision  Co.,  a 
division  of  Science  Applications,  Inc.  has 
also  been  described  in  some  detail^  by  John 
Choisser. 

In  this  paper  we  shall  discuss  the  re- 
sults of  a series  of  measurements  made  on  a 
CCD  and  on  an  ICCD.  The  latter  was  fabri- 
cated at  the  Electronic  Vision  Company  and 
was  received  at  the  University  of  Maryland 
in  late  June. 

PHOTO  SENSOR  REQUIREMENTS 


is  a multi-channel  version  of  a similar 
instrument  which  has  been  used  in  an  astro- 
nomical observation  program  over  the  last 
few  years3«^*5»6.  Basically,  this  applica- 
tion requires  an  array  of  photosensors, 
each  of  which  has  a high  speed  response  and 
the  ability  to  discriminate  at  the  single 
photoelectron  level.  The  requirements  are: 

1.  The  ability  to  discriminate  reli- 
ably among  zero,  one,  two,  or  more 
photoelectrons  per  pixel  per  scan. 

2.  The  ability  to  complete  the  scan 
of  an  entire  frame  in  a few  milli- 
seconds . 

3.  Very  low  lag,  l.e.,  very  little 
memory  from  one  frame  to  the  next 
frame. 

4.  Minimal  cross  talk  between  spacial 
channels  (or  pixels) . 

IMAGING  CAMERA  REQUIREMENTS 

The  other  application  in  which  the  ICCD 
will  be  used  in  conjunction  with  the  MAAI 
consists  of  an  Imaging  camera  in  the  focal 
plane  of  a large  telescope.  For  this  appli- 
cation, the  first  of  the  above  requirements 
is  very  important,  while  the  latter  three 
are  important  but  not  paramount.  The  imag- 
ing use  has  the  additional  requirements  of: 

1.  Very  large  dynamic  range 

2.  Very  low  blooming 

The  electronic  operating  conditions 
for  the  ICCD  will  be  somewhat  different  for 
each  of  the  two  applications. 

METHOD  OF  CCD  OPERATION 
THEORY  OF  OPERATION  OF  THE  CCD 


This  development  effort  with  the  ICCD 
is  motivated  by  two  different  applications 
being  developed  at  the  University  of  Mary- 
land. These  related  applications  have  sig- 
nificantly different  requirements. 

AMPLITUDE  INTERFEROMETER  REQUIREMENTS 

The  primary  application  of  the  ICCD 
will  be  as  the  light  sensor  for  a new 
instrument,  the  Multi-Aperture  Amplitude 
Interferometer  (MAAI) , which  yields  dif- 
fraction-limited image  information  when 
used  on  a large  telescope.  This  instrument 


Photons  are  converted  on  the  photo- 
cathode into  photoelectrons.  These  photo- 
electrons are  accelerated  to  15  Kev  and 
focused  on  the  front  of  a Fairchild  CCD201. 
The  transfer  registers,  which  carry  the 
charge  from  the  photosensitive  sites  to  the 
on-chip  preamplifier,  operate  independently 
of,  and  at  the  same  time  as  the  photosites 
which  are  integrating  the  electrons  produced 
by  ionization  due  to  incident  photoelectrons. 
Thus  the  transfers  or  "scanning"  take  place 
during  the  integration  period,  and  the 
array  is  sensitive  more  than  99%  of  the  time. 
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OPERATION  OF  THE  CCD 


The  transfer  registers  are  protected  by  a 
layer  of  aluminum  on  the  CCD  which  Is  about 
one  micron  thick.  The  accelerating  voltage 
Is  chosen  so  that  the  bombarding  electrons 
do  not  reach  the  active  silicon  and  produce 
Ionization  or  "noise"  In  the  transfer 
registers. 

I CCD  DESIGN 

The  design  of  the  ICCD  Incorporates  a 
number  of  features  which  enhance  the  abil- 
ity to  discriminate  at  the  single  photo- 
electron level.  A special  CCD201,  which 
has  the  SIO^  scratch  protection  layers  re- 
moved, was  mounted  by  the  Fairchild  Cor- 
poration on  a special  ceramic  header  de- 
signed by  the  Electronic  Vision  Company. 

The  external  portion  of  this  header  pro- 
vides the  required  electrical  contacts  for 
the  CCD  In  a circular  pattern  of  pins. 

Thus  It  may  be  socket  mounted  into  the 
special  camera  head  developed  for  the  ICCD. 
The  header  also  provides  the  support  for 
the  electrostatic  focus  cone,  and  the 
special  mask  which  exposes  the  active  array 
and  protects  the  preamplifier  and  other 
circuitry  at  the  edge  of  the  chip  from 
damage  by  accelerated  photoelectrons.  The 
chip  is  bonded  directly  to  the  ceramic 
header  so  the  CCD  may  be  readily  cooled 
using  a probe  attached  to  an  area  which  is 
clear  of  pins.  This  cooling  may  be  re- 
quired to  reduce  the  thermally  generated 
dark  current  on  the  chip. 


In  order  to  permit  operation  of  the 
ICCD  on  the  telescope,  most  of  the  electron- 
ics must  be  located  a significant  distance 
from  the  camera  head.  To  handle  such  long 
cables,  a special  camera  head  has  been  fab- 
ricated which  minimizes  cross-talk  and  co- 
herent noise.  The  pulse  trains  are  trans- 
mitted to  the  camera  head  or  telescope  as 
low  current  signals  and  are  converted  to  the 
required  high  current  pulses  by  clock 
drivers  within  the  camera  head.  The  camera 
head  also  contains  amplifiers,  a sample  and 
hold  circuit,  a video  clamping  circuit,  and 
a discriminator. 

DATA  RECORDING  SYSTEM 

The  data  recording  system  which  Is 
presently  being  used  to  test  the  CCD's  and 
the  ICCD's  has  the  form  indicated  in  the 
block  diagram  of  Figure  2. 


Block  Diagram  of  Single  Scan  Data  Recording  System 
Figure  2 
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This  "Single  Scan  Data  Recording  System” 
is  described  in  more  detail  in  University  of 
Maryland  Technical  Report  #76-038^.  This 
system  records  a full  field  of  video  data 
onto  digital  magnetic  tape.  It  also  pro- 
vides amplification,  a sample  and  hold  op- 
eration, an  analog-to-dlgltal  conversion, 
and  proper  timing  and  scanning  voltage 
drives.  This  data  recording  system  vlll 
operate  at  data  rates  as  high  as  4 MHz  but 
can  record  only  about  a frame  per  second 
due  to  the  writing  speed  of  the  digital  mag- 
netic tape  unit. 

For  the  tests  described  in  this  paper, 
the  CCD  was  operated  at  a data  rate  of 
0.625  MHz  (about  fifty  frames  per  second) 
and  thus  only  one  frame  in  fifty  can  be  re- 
corded. In  order  to  reduce  the  operating 
time  of  the  tube,  at  the  termination  of 
each  recording  cycle,  the  computer  provides 
a signal  that  indicates  that  further  data 
may  now  be  accepted.  This  signal  operates 
a light-emitting  diode  which  illuminates  a 
broad  pattern  (about  13  pixels  across)  on 
the  photocathode.  The  typical  length  of 
this  light  pulse  is  0.1  milliseconds  and  its 
output  power  is  peaked  around  600oX.  The 
circuitry  described  in  this  paragraph  does 
not  appear  in  Figure  2. 

The  results  of  these  measurements  are 
contained  in  several  thousand  digitized 
arrays  stored  on  magnetic  tape.  These 
arrays  are  processed  in  the  UM  Computer 
Science  Center  UNIVAC  1108,  using  a 
specially  developed  family  of  programs,  the 
Image  Processing  System  (IPS)®.  The  IPS 
may  be  used  to  read  and  transform  the 
arrays,  to  produce  averaged  frames  and  dif- 
ference frames,  and  perform  pulse  height 
analysis.  It  can,  for  later  studies  also 
be  used  for  various  transform  (Fourier,  etc.) 
and  for  image  analysis. 

The  normal  analysis  procedure  for 
this  data  was  to  average  ten  frames  for 
which  data  had  been  taken  under  the  same  set 
of  external  parameters.  PHD's  of  this 
averaged  frame  and  of  the  difference  be- 
tween a single  frame  and  the  averaged  frame 
were  used  to  obtain  Figures  4 and  3 respec- 
tively. The  relative  gain  as  well  as  the 
Increase  of  the  dark  current  was  determined 
by  printing  out  selected  rows  and  columns 
of  the  averaged  arrays,  and  by  studying 
arrays  which  were  the  differences  between 
mean  dark  arrays  and  mean  "flashed"  arrays. 


VIDEO  NOISE  SOURCES 

In  this  section  we  consider  various 
aspects  of  the  noise  which  are  Important 
when  using  the  CCD  both  as  a photoelectron 
sensor  and  as  a device  for  the  conversion 
of  the  parallel  arrangement  of  the  charge 
packets  to  the  serial  arrangement  of  the 
data  leaving  on  the  video  output  line.  The 
relevant  types  of  noise  are  defined,  the 
physical  sources  of  the  noise  are  discussed, 
and  the  results  of  the  measurements  are 
presented. 

OPERATIONAL  DEFINITIONS 

We  first  define  our  use  of  the  terms 
"random  noise"  and  "fixed  pattern  noise". 

Fixed  Pattern  Noise 

In  order  to  define  the  "mean  array" 
which  corresponds  intuitively  to  the  fixed 
background  pattern,  let  us  consider  a very 
large  number  of  frames  of  data  which  are 
recorded  consecutively  under  the  same  set 
of  external  parameters.  The  value  at  a 
given  picture  element  (or  pixel)  of  the 
"mean  array"  is  determined  by  averaging  the 
values  of  that  pixel  in  each  of  the  succes- 
sive frames.  Thus,  the  "mean  array"  is  an 
array  of  elements  each  of  which  is  the 
average  of  many  samples.  The  variation  of 
this  mean  array  from  one  pixel  to  the  next 
pixel  is  defined  as  the  "fixed  pattern 
noise".  This  data  will  be  presented  in  the 
form  of  a pulse  height  distribution  (PHD) 
which  is  the  probability  that  a given  pixel 
voltage  will  be  found.  Most  of  the  dis- 
cussion of  mean  arrays  which  will  be  con- 
sidered in  this  paper  will  be  limited  to 
data  taken  with  no  light  input.  Thus  the 
mean  array  for  those  cases  will  be  a study 
of  the  thermally  generated  dark  current  at 
each  pixel. 

Random  Noise 

The  "random  noise"  at  one  pixel  is  the 
variation  from  the  mean  value  which  one 
obtains  when  a particular  pixel  is  repea- 
tedly sampled.  This  may  be  presented  in 
the  form  of  a pulse  height  distribution 
which  describes  the  random  noise  at  each 
pixel.  For  the  presently  planned  system, 
the  discriminator  levels  are  not  adjusted 
to  a new  value  for  each  pixel.  To  study 
such  a system,  a pulse  height  distribution 
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in  which  Che  data  is  combined  over  the  en- 
tire array  is  more  relevant.  In  order  to 
obtain  this  information  we  shall  subtract 
from  a single  frame  of  sampled  pixel  values 
the  mean  frame  discussed  in  the  previous 
paragraph.  The  pulse  height  distributions 
which  will  now  be  discussed  are  obtained  by 
sorting  the  values  of  these  differences. 

More  specifically,  in  this  paper  we 
will  average  ten  frames  to  obtain  the  "mean 
frame".  The  use  of  a value  as  small  as  ten 
has  several  implications: 

1.  the  random  noise  determined  from 
the  pulse  height  distribution 
(PHD)  is  somewhat  smaller  than  the 
value  which  would  be  obtained  for 
a very  large  number  of  frames. 

11.  the  standard  deviation  of  the 
fixed  pattern  noise  is  contami- 
nated by  the  addition  of  about  30Z 
of  the  standard  deviation  of  the 
random  noise. 

For  the  present,  these  corrections  will  be 
Ignored . 

PHYSICAL  NOISE  SOURCES 

In  this  section,  we  relate  the  instru- 
mental effects  defined  in  the  previous  sec- 
tion to  various  physical  mechanisms. 

Thermal  Leakage  Current 

This  "dark  current"  or  thermal  leakage 
current  is  due  to  thermally  generated  charge 
pairs  which  are  created  within  the  active 
silicon.  The  leakage  current  is  parameter- 
ized by  the  average  number  of  electrons 
which  collect  at  a given  pixel  during  the 
integration  interval  (the  thermal  leakage 
charge).  This  integration  interval  is 
usually  the  scan  or  frame  time.  The  value 
of  the  thermal  leakage  charge  varies  across 
the  frame  from  pixel  to  pixel.  It  also 
decreases  by  a factor  of  two  for  every  6 or 
7®  that  the  temperature  of  the  CCD  is  re- 
duced and  decreases  linearly  as  the  integra- 
tion time  is  decreased.  The  average  leak- 
age charge  across  the  frame  does  not  signif- 
icantly affect  the  ICCD  operation  but  its 
variation  across  the  frame  may  create  a 
problem  in  that  the  discriminator  levels 
would  have  to  be  changed  for  each  pixel. 

I The  variation  of  the  thermal  leakage  charge 

from  frame  to  frame  (Poisson  noise)  would 
properly  be  a component  of  the  random  noise, 


I 
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but  its  value  is  negligible  for  the  normal 
ICCD  operation. 

Thermal  Leakage  Noise 

The  thermal  leakage  noise  is  the  varia- 
tion of  the  thermal  leakage  charge  across 
the  array.  This  will  be  parameterized  by 
the  standard  deviation  of  the  thermal  leakage 
charge  across  the  array  (i.e.,  the  fixed 
pattern  noise).  More  precisely,  it  is  the 
variation  of  the  mean  (over  many  frames) 
thermal  leakage  charge  across  the  array. 

This  latter  form  of  the  definition  removes 
the  random  noise  as  a component  of  the 
thermal  leakage  noise.  The  temperature  and 
frame  rate  dependence  of  the  thermal  leakage 
noise  is  the  same  as  that  of  the  thermal 
leakage  charge.  In  order  to  permit  single 
photoelectron  discrimination  without  a 
change  of  discriminator  level  for  each 
pixel,  this  noise  should  be  reduced  to  a 
value  of  about  100  electrons.  This  may  be 
accomplished  by  cooling  the  CCD  to  approxi- 
mately 0°C. 

Random  Noise 

The  dominant  source  of  random  noise  is 
the  input  noise  of  the  on-chip  preamplifier. 
This  behaves  as  if  dominated  by  the  capaci-  1 
tive  input  of  the  preamplifier.  It  is  rela- 
tively independent  of  temperature  over  the 
range  of  interest  for  ICCD  operation.  The 
shot  noise  due  to  electrons  in  the  charge 
packet  should  also  contribute,  but  for  the 
small  charge  packets  which  occur  in  normal 
ICCD  operation,  the  preamplifiers  noise 
dominates. 

MEASUREMENTS 

An  important  characteristic  of  the  data 
recording  system  for  this  discussion  is  the 
level  of  system  noise  of  the  recording 
system.  This  noise  consists  of  the  contri- 
butions due  to  the  analog-to-digital  con- 
version, the  data  transfer,  and  the  analysis 
procedure.  By  injecting  a constant  voltage 
as  the  input  of  the  sample  and  hold  ampli- 
fier on  the  "Special  I/O  Card"  of  Figure  2, 
one  may  obtain  data  to  characterize  the 
recording  system. 

Random  Noise 

Figure  3 is  a pulse  height  distribution 
(PHD)  of  the  random  noise.  The  units  on  the 
abscissa  are  the  least  significant  bits  of 
the  Analog-to-Digital  Converter  (ADU) . 

These  are  10  millivolts,  which,  with  an  amp- 
lifier gain  of  87.5,  represent  0.114  milli- 
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volts  at  the  CCD.  This  In  turn  represents 
about  570  electrons  on  the  chip.  The  latter 
conversion  has  been  made  using  data  obtain- 
ed from  R.  H.  Dyck  of  the  Fairchild  Corpor- 
ation^  and  has  been  confirmed  by  measurements 
at  the  University  of  Maryland.  The  first 
curve  (denoted  by  x)  Is  representative  of 
the  noise  In  the  data  recording  system.  As 
might  be  expected,  this  has  a width  of 
about  one  quantization  unit  (one  ADU).  The 
second  curve  (denoted  o)  consists  of  data 
taken  on  a standard  CCD201.  The  noise 
level  for  the  CCD  is  significantly  larger 
than  that  of  the  recording  system.  However, 
as  may  be  seen  in  Figure  2,  this  data  also 
includes  the  random  noise  and  external  pick- 
up contributed  by  the  electronics  in  the 
camera  head  (i.e.,  the  Video  Processor  Card) 
and  any  ground  loops  which  may  occur  in  the 
overall  system.  Since  direct  qualatative 
measurements  of  the  CCD  noise  yields  values 
in  the  range  of  300  to  400  e-,  it  would 
appear  that  there  are  some  system  contribu- 
tions to  curve  2 and  curve  3.  The  third 
curve  (denoted  •)  shows  the  random  noise  of 
the  CCD  in  the  ICCD.  Figure  3 shows  that 
there  is  a definite  excess  random  noise 
(about  0.45  mv)  in  the  ICCD.  The  cause  of 
this  is  under  investigation  at  the  present 
time. 


Figure  3 


An  additional  stage  of  amplification  is 
being  added  and  future  tests  will  include 
data  taken  with  a well  shielded  discrimina- 
tor located  within  the  camera  head.  The 
latter  should  eliminate  the  problem  of  ex- 
ternal interference  and  ground  loops. 

Fixed  Pattern  Noise 

Since  we  do  not  intend  to  change  the 
discriminator  level  for  each  pixel,  an 
important  parameter  for  single  photoelectron 
discrimination  is  the  variation  of  the  mean 
array . 


Pulse  Height  Distribution 
of  Fixed  Pattern  Noise 

Figure  4 


The  ordinate  and  abscissa  are  the  same  as 
in  Figure  3.  The  first  curve  (denoted  by 
x)  is  the  system  noise.  Most  of  this 
width  is  assumed  to  be  the  contamination 
due  to  random  noise.  The  second  curve 
(denoted  by  o)  is  a standard  CCD201.  The 
relative  narrowness  of  this  PHD  indicates 
that  the  variation  is  relatively  small 
(approximately  3 mv) . The  third  curve 
(denoted  •)  is  obtained  from  the  CCD201  in 
the  ICCD.  The  similarity  of  the  upper  por- 
tions of  curve  2 and  curve  3 indicates  that 
the  background  is  about  as  uniform  as  the 
previous  CCD.  The  wide  skirt  indicates 
that  there  are  regions  of  increased  leakage 
current.  These  regions  were  also  visible 
on  the  monitor  display  as  relatively  broad 


i 


160 


DESCRIPTION  OF  TEST  ICCD 

The  remaining  tests  were  conducted  on 
an  ICCD  of  slightly  different  design  than 
Indicated  In  Figure  1.  The  device  tested 
(denoted  as  ICCD-1)  had  no  focus  cone  and 
relied  on  proximity  focusing.  It  has  about 
the  same  dimensions  as  the  device  In  Figure 
1.  The  measurements  on  this  device  were 
terminated  after  the  second  test  sequence 
due  to  ion  bombardment  of  the  photocathode 
because  the  tube  became  gassy.  This  fabri- 
cation problem  has  apparently  now  been 
solved  and  another  ICCD  has  been  fabricated. 


I localized  areas.  They  might  have  been  on 

the  CCD  before  processing,  or  they  might  be 
nucleation  centers  formed  while  processing 
the  ICCD.  The  CCD's  to  be  used  in  future 
ICCD's  will  have  data  packages  taken  before 
and  after  processing. 

The  Width  of  these  curves  may  be  made 
as  narrow  as  required  for  single  photoelec- 
tron discrimination  by  cooling  the  CCD. 

INTENSIFICATION 

ROLE  OF  NOISE  SOURCES 


As  has  been  discussed  by  Dyck  , the 
expected  r.m.s.  random  noise  is  about  300  e 
and  this  is  dominated  by  the  capacitive  in- 
put of  the  preamplifier . 10  At  the  nominal 
operating  voltage  of  15  KV,  the  calculated 
gain  is  about  2,000.  The  pulse  height 
distribution  which  is  then  expected  will 
permit  single  and  multiple  photoelectron 
discrimination!. 


PHOTOCATHODE 


The  electron  gain  may  be  studied  by 
varying  the  accelerating  voltage  while  main- 
taining a fixed  light  input.  The  tests  con- 
ducted on  24  June  1975  were  run  using  a. 
light  pulse  from  the  LED  which  has  a length 
of  10  milliseconds  and  a Neutral  Density  2 
filter.  The  tests  conducted  on  29  June  1975 
were  run  with  a 0.1  ms  pulse  and  no  filter 
in  front  of  the  LED.  This  data  appears  in 
Figure  6.  The  18  KV  point  is  low  due  to 
saturation  of  the  A/D  converter. 


Since  some  groups  have  had  signifi- 
cant contamination  problems  when  forming 
photocathodes  with  alkali  vapors  in  the 
presence  of  silicon  devices,  the  photocath- 
ode of  the  ICCD  is  processed  in  a region 
well  removed  from  the  CCD  . A very  high 
performance  photocathode  and  elimination  of 
alkali  metal  "vapors"  are  achieved  by  using 
a molecular  beam  technique.  The  response 
of  the  photocathode  (roughly  of  S-20  type) 
of  the  ICCD  used  in  these  measurements  is 
indicated  in  Figure  5. 


Quantum  Efficiency  of  ICCD  Photocathodes 
Figure  5 


Relative  Electron  Gain 
Figure  6 


The  nominal  operating  voltage  of  15  KV 
was  determined  to  prevent  a photoelectron 
which  is  focused  on  the  transfer  registers 
from  either  entering  the  active  silicon  or 
the  last  insulation  layer.  By  sufficiently 
increasing  the  accelerating  voltage,  one 
expects  that  the  photoelectrons  will  pene- 
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trate  the  active  silicon  and  produce  a 
signal.  However,  this  has  not  yet  been 
observed  even  up  to  18  KV. 

DAMAGE 

A preliminary  test  of  the  effect  of 
extended  exposure  was  used  to  study  the 
operational  lifetime.  In  this  test,  the 
light  Input  was  Increased  In  one  area  un- 
til there  was  an  observable  Increase  In  the 
dark  current.  This  Increase  In  thermal 
leakage  was  measured  by  a comparison  of 
the  magnitude  of  the  dark  current  before 
and  after  the  exposure  to  light.  No  re- 
adjustment of  the  drive  voltages  was  made. 
The  resultant  enhancement  of  the  dark 
current  as  a function  of  the  exposure  to 
photoelectrons  Is  shown  In  Figure  7. 


Rtlctln  Cipotvr,  to  Photooloctrooo 


Effect  of  Electron  Damage 
on  CCD  Dark  Current 

Figure  7 

The  Increase  in  dark  current  is  ex- 
pressed In  A/D  Units,  each  of  which  is 
equivalent  to  0.114  millivolts  at  the  CCD 
output.  Thus  the  increase  is  about  40  ADU 
or  5 millivolts.  This  is  somewhat  above 
the  fixed  pattern  noise  due  to  variations 
in  thermally  generated  dark  current,  and 
is  less  than  5Z  of  CCD  saturation.  The 
light  input  consisted  of  repeated  flashes 
with  a duration  of  0.1  ms  repeated  1000 
times  a second.  Assuming  a gain  of  2000, 
this  is  equivalent  to  an  input  of  0.4  x 10° 
photoelectrons  per  pixel  in  the  brighter 
region. 
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that  the  increased  dark  current  will  not 
affect  the  single  photoelectron  discrimina- 
tion operation.  More  extensive  tests  are 
planned  on  the  later  ICCD's  to  explore  other 
damage  mechanisms  which  may  occur  at  higher 
light:  doses.  In  addition,  several  methods 
of  annealing  the  damage,  which  have  worked 
In  similar  devices,  will  be  tested. 

CONCLUSIONS  AND  PROJECTIONS 

An  Intensified  Charge  Coupled  Device 
has  been  designed  and  fabricated.  The 
first  unit,  after  being  sealed  off,  had  a 
good  photocathode  and  the  CCD  operated 
properly  after  the  bakeout  procedure. 
Successful  measurements  of  video  noise, 
electron  gain,  penetration  of  the  transfer 
registers  and  damage  to  the  CCD  were  con- 
ducted. It  performed  acceptably  as  an 
intensified  array  for  the  low  light  level 
work.  For  several  reasons,  the  first 
device  did  not  meet  the  performance  cri- 
teria which  are  required  for  reliable  single 
photoelectron  discrimination.  These  prob- 
lems were  a gas  leak  in  the  tube  and  the 
excess  random  noise.  However,  the  results 
of  these  tests  are  in  general  agreement 
with  predictions,  which  indicate  that  such 
a device  will  be  able  to  do  single  photo- 
electron discrimination.  In  addition,  the 
ICCD  showed  no  transfer  noise,  even  at 
elevated  voltages. 

The  gas  leakage  problem  seems  to  have 
been  solved  and  another  ICCD,  which  is 
electrostatically  focused,  has  been  fabri- 
cated. 
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Measurements  on  similar  devices 
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indicates  that  this  damage  mechanism  satu- 
rates. The  effect  on  single  photoelectron 
operation  would  be  to  require  additional 
cooling  (perhaps  -20°C)  in  order  to  assure 
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ABSTRACT . Charge  coupled  device  (CCD)  delay  lines  offer  many  useful  features  when 
incorporated  into  multl-plezoelectric-element  electronically  focussed  successors  to  the 
single  element  ultrasonic  imaging  systems  currently  in  clinical  use  on  humans  and  in  non- 
destructive testing  use  on  materials. 

Two  such  electronically  focussed  systems  are  presented:  (l)a  microprocessor  con- 
trolled delay  line  system  and  (2)  a single  chip  C3D  lens  system. 


INTRODUCTION 

Ultrasonic  imaging  systems  are  currently 
in  use:  (1)  on  humans  in  a variety  of  medi- 
cal imaging  applications  and  (2)  on  materials 
in  non-destructive  testing  applications. 
Single  element  piezoelectric  transducers  are 
used  in  these  commercial  instruments  to 
obtain  cross  section  scans  using  mechani- 
cal scanners  and  storage  CRTs.  Charge 
coupled  device  (CCD)  delay  lines  offer 
many  useful  features  when  incorporated  in 
multl-piezoelectric-element  electronically 
focussed  successor  to  these  single  trans- 
ducer systems.  Briefly  stated  the  CCD  acts 
as  an  electronically  adjustable  delay  line 
performing  the  required  delay-sum  operation 
on  the  1-5  MHz  ultrasonic  signals.  This 


time  delay  between  elements  in  the  spherical 
distribution) . The  basic  signal  processing 
task  to  be  performed  by  the  delay  lines  is 
to  equalize  the  total  propagation  time  from 
the  target  through  the  medium,  piezoelectric 
transducers  and  individual  channel  elec- 
tronics to  the  common  signal  output  summing 
node.  It  is  accomplished  by  spacing  the 
input  taps  of  the  CCD  delay  line  in  a 
quadratic  arrangement  and  dynamically 
sweeping  the  clock  frequency  to  control  the 
curvature  of  the  quadratic  delays  to  comple- 
ment the  curvature  of  the  spherical  wave- 
fronts  from  targets  T,  through  T2  and  beyond. 
It  permits  significant  improvements  in  reso- 
lution at  ranges  less  than  ten  times  the 
aperture  of  the  system. 


CCD  capability  makes  economically  feasible 
an  ultrasonic  imaging  system  with  the 
following  features: 

1.  High  resolution 

2 . Dynamic  focussing 

3.  Adjustable  field  of  view 

CCD  ULTRASONIC  IMAGING 

The  basic  acoustic  imaging  problem 
being  considered  is  shown  in  Fig.  1 along 
with  a simple  signal  processing  architec- 
ture. In  operation  a burst  of  ultrasound 
is  transmitted  from  the  "array"'  of  piezo- 
electric transducers.  Reflections  from  the 
"target"  return  to  the  array,  arriving  at 
the  elements  with  a spherical  time  delay 
distribution  associated  with  the  target  range 
(the  farther  away  the  target  the  smaller  the 


One  may  consider  a system  as  shown  in 


Fig.  2 which  utilizes  a linear  delay  distri- 
bution (in  cascade  with  the  quadratic  dis- 
tribution) to  steer  the  "focussed"  beam 
providing  two-dimensional  display  information. 
This  is  a simple  steering  technique  which 
allows  deflection  of  the  formed  beam  in  one 
direction  from  the  perpendicular.  Typical 
systems  may  be  designed  for  thirty  to  fourty- 
five  degrees  deflection.  In  operation  the 
linear  array  of  delay  lines  "electronically 
rotates"  the  piezoelectric  array  thereby 
providing  the  quadratic  delay  line  with 
focus  task  similar  to  the  "on-axis" 
focussing  Just  discussed.  One  minor  differ- 
ence in  focussing  is  that  the  apparent  range 
for  focussing  is  larger  than  the  range  to 
the  midline  of  the  array  due  to  the  "elec- 
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Fig.  2.  Dynamic  Focussing  and  Beam  Steering  with 
Variable  Delay  Lines. 


tronic  rotation"  being  about  the  point  of 
zero  (beam  steer)  time  delay  (i.e.  the  far 
end  of  the  piezoelectric  array  from  the  tar- 
get) . 

In  actual  practice  two  problems  exist 
with  implementing  this  system  shown  in  Fig. 

2.  First  it  is  desirable  to  have  as  large  a 
field  of  view  as  possible,  thus  the  formed 
beam  should  be  capable  of  being  swept  in 
either  direction  from  the  perpendicular. 
Secondly  the  clock  frequency  variations 
should  be  kept  to  a minimum  to  reduce  the 
variation  of  CCD  parameters  with  clock 
rate. 

The  two  systems  concepts  described  in 
the  following  sections  achieve  this  set  of 
goals  through  two  quite  different  approaches. 
The  first  to  be  discussed  achieves  each 
channel  delay  function  using  a single  serial- 
in-serial-out  (S1S0)  CCD  delay  line.  Thirty- 
one  channels  (one  for  each  transducer 
element)  is  required  for  this  system.  The 
clock  frequency  applied  to  each  CCD  channel 
is  independently  adjustable.  The  frequency 
applied  to  a specific  channel  is  a multi- 
plicative product  of  two  functions:  the 
beam  steering  frequency  function  and  the 
focus  frequency  function.  Each  CCD  clock  is 
applied  uniformly  along  the  delay  line  but  is 
time-varying  in  frequency.  The  second 
approach  utilizes  a single  specially- 
designed  C3D  lens  integrated  circuit  for  the 
entire  system  time  delay  function.  This 
single  chip  approach  has  the  potential  of 
realizing  a complete  focussed  ultrasound 
probe  in  a hand  held  package. 

A MICROPROCESSOR-CONTROLLED  IMAGING  SYSTEM 

The  delay  lines  of  an  ultrasonic  Imaging 
system  thus  may  perform  two  forms  of  time 
delay  equalization:  (1)  parabolic  (focus) 
and  (21  linear  (beam  steer) . An  experi- 
mental ultrasonic  imaging  system  has  been 
built  using  thirty-one  200  element  serial- 
in-serial-out  CCD  delay  lines  to  perform 
the  quadratic  and  linear  delay  functions  of 
a single  piezoelectric  element  in  one 
device  [6],  As  shown  in  Fig.  3 the  delay 
time  of  each  of  the  thirty-one  channels  is 
determined  by  the  digital  rate  multiplier 
assigned  to  each  channel . 

A voltage  controlled  oscillator  (V00) 
and  a sweep  generator  are  used  to  dynamically 
control  the  time  delay  for  focussing,  and  an 
8080  microprocessor  is  used  to  control  a rate 
multiplier  for  beam  steering.  This  system  is 
capable  of  ± 30  degrees  deflection  and 


Fig.  3.  Microprocessor  Controlled  System. 


dynamic  focussing  of  echoes  from  ranges  of 
2 to  40  cm  when  using  a 31  element  3.1  cm 
linear  array  (element  dimensions  are  .1  x 
1 cm).  This  system  uses  a multiplicative 
control  algorithm  for  the  CCD  time  delays 
which  provides  the  separation  of  focus  and 
beam  steer  functions  into  tasks  which  are 
amenable  to  microprocessor  control  and 
simple  sweep  generation  circuitry . 

Unfortunately  this  system  requires  sig- 
nificant volume  (1  cu.yd.)  due  to  the  large 
amount  of  electronics  associated  with  each 
of  the  thirty-one  channels,  over  seven 
hundred  Integrated  circuits  and  six  thousand 
discrete  components  are  used.  There  is 
little  likelihood  that  with  present  techno- 
logy this  system  will  be  configured  in  a 
hand-held  probe . 

THE  C3D  LENS  ON  A CHIP 

The  cascade  charge  coupled  device  (C3D) 
is  a recent  Invention  of  the  Stanford  Inte- 
grated Circuits  Laboratory  [4]  that  has  the 
potential  of  realizing  a compact  focus  unit. 
This  device  is  basically  an  array  of  charge 
coupled  delay  lines  Interconnected  on  a 
single  integrated  circuit  substrate  and 
having  multiple  sections  of  delay  each 
clocked  independently  at  a different  fre- 
quency giving  flexibility  In  design  which 
can  be  utilized  to  realize  sophisticated 
signal  processing  functions . Multiple 
input  taps  (first  demonstrated  in  the  Stan- 
ford Razorback  CCD  [5])  combined  with  mul- 
tiple sections  experiencing  different  clock 
rates  yield  devices  capable  of  performing 
the  high  speed  spatial  Fourier  transform 
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required  for  the  Imaging  task. 

A simple  form  of  C3D  lens  Is  a device 
which  Incorporates  all  of  the  delay  elec- 
tronics In  Fig.  lb  on  one  silicon  chip. 

Signal  charges  Injected  by  the  transducers 
In  the  piezoelectric  array  undergo  time 
delays  determined  by  the  frequency  of  clock 
1,  clock  2,  and  the  number  of  bits  trans- 
ferred in  the  sections  controlled  by  these 
two  clocks. 

The  acoustic  Imaging  system  shown  in 
Fig.  2 may  be  considered  to  have  an  optical 
equivalent  of  a wedge  shaped  lens  for  linear 
delay  closely  spaced  with  a spherically 
shaped  lens  for  quadratic  delay.  The  "thick- 
ness" of  both  lenses  may  be  electronically 
varied  to  steer  and  focus  the  lens  system  on 
different  target  points. 

Thus  the  C3D  lens  realizing  this  delay 
function  may  be  considered  as  having  two 
lens  elements  in  one  group  on  a single 
silicon  chip.  There  is  significant  advantage 
in  optics  as  well  as  in  C3D  lenses  to  have 
more  than  just  two  lens  elements  in  an 
imaging  system.  The  single  parabolically 
shaped  lens  in  Fig.  2,  for  instance,  actually 
can  be  realized  to  advantage  using  multiple 
elements  to  correct  for  imaging  and  elec- 
tronic aberrations.  Fig.  4 shows  photo- 
micrographs of  two  element  and  three  element 


Fig.  4.  C3D  Prototype  Devices. 


C3D  lens  versions  designed  and  fabricated 
at  Stanford  to  perform  the  parabolic  lens 
function  shown  in  Fig.  2. 

The  device  on  the  right  of  this  figure 
is  the  two  element  parabolic  lens.  This 
two  element  device  uses  the  first  element 
to  increase  the  curvature  of  the  arriving 
wavefront  by  a large  constant  amount  (large 
in  comparison  to  the  curvature  of  the  typi- 
cal wavefronts  being  imaged).  The  second 
element  in  this  two  element  lens  focusses 
the  highly  curved  wavefronts,  i.e.  decreases 
the  curvature  to  a linear  wavefront.  The 
total  curvature  function  focussed  by  the 
second  element  is  a large  constant  curva- 
ture added  to  the  curvature  of  the  acoustic 
waves  impinging  upon  the  piezoelectric 
array.  Thus  the  variations  in  the  second 
element  "thickness"  (clock  frequency)  with 
changes  in  focussed  range  are  small  in  com- 
parison to  the  total  second  element  thick- 
ness. This  two  element  C3D  lens  requires 
significantly  less  clock  frequency  varia- 
tion with  focus  range  variation  than  single 
element  equivalents.  For  an  imaging  system 
designed  at  Stanford  this  two  element  lens 
requires  the  2 MHz  variation  of  a 5 NKz 
clock  while  a single  equivalent  lens  would 
require  a 45  MHz  variation  (45  MHz  varia- 
tion is  impractical  for  present  day  C3D 
lenses) . 

The  three  element  lens  shown  on  the 
left  side  of  Fig.  4 can  be  used  in  several 
modes.  The  simplest  is  to  simulate  a two 
element  lens  by  clocking  the  first  two 
elements  at  an  identical,  time  invariant 
frequency,  and  the  third  element  at  a fre- 
quency in  keeping  with  the  focus  require- 
ments, Since  this  two  element  lens  has  a 
first  element  with  twice  the  number  of 
sample  storage  positions  as  the  previously 
described  lens,  this  allows  the  clock  fre- 
quency of  this  element  to  be  twice  that  of 
the  previously  described  two  element  lens. 
This  design  technique  of  allowing  choice 
of  clock  frequencies  provides  a method  for 
designing  difference  frequencies  (cross 
modulation  products)  of  the  two  clocks  to 
be  outside  the  passband  of  the  ultrasonic 
channels  used. 

The  goal  of  this  C3D  development  program 
is  to  realize  a device  as  shown  in  Fig.  5 
which  Incorporates  both  the  focus  and  beam 
steer  functions  on  a single  chip.  As  can  be 
seen  in  this  figure  two  wedge  shaped  "lens 
elements"  are  used  to  realize  this  beam 
steer  function.  Thus  if  clocks  1 and  2 are 
equal  in  frequency,  there  is  no  delay  dlffer- 
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Fig.  5.  C3D  Lens  with  Beam  Steer 
and  Focus  Elements. 

ence  between  channels  introduced  by  the  two 
wedge-shaped  delay  functions.  Beam  steering 
off  axis  may  then  be  accomplished  by  clocking 
the  two  lens  elements  at  different  clock 
frequencies  (the  larger  the  difference  fre- 
quency the  larger  the  formed  beam  deflection 
off  axis) . 

Thus  the  C3D  shown  in  Fig.  4 is  comprised 
of  Isolated  channels  of  delay  (32  shown  in 
the  figure)  experiencing  different  zones 
(F,,  F2,  F3  and  F4)  of  signal  propagation 
velocity  determined  by  the  clock  frequency 
of  the  respective  zone.  Different  channels 
experience  different  quantities  of  delay 
determined  by  the  number  of  elements  that 
channel  has  in  each  of  the  zones  and  the 
clock  frequency  of  those  zones . 

There  are  three  classes  of  focus  aberra- 
tions associated  with  the  C3D  lens  which 
must  be  considered  in  any  practical  system 
design.  These  are 

1.  Dynamic  focus  aberrations 

2.  Focus  approximation  aberrations 

3.  Electronic  distortion  aberrations 

Dynamic  focus  aberrations  result  from 
"moving  the  lens”  before  all  elements  in  the 
array  have  received  a given  wavefront.  In 
the  C3D  lens  design  shown  in  Fig.  5 it  is 
assumed  that  the  lens  will  focus  only  at  one 
depth  during  operation.  In  practice,  the 
focus  range  is  scanned  in  synchronism  with 
the  returning  echoes.  Initially  after  a 
transmit  burst  the  lens  is  focussed  close 
to  the  array  to  focus  nearby  targets,  then  is 
dynamically  scanned  in  synchronism  with  the 
returning  echoes  from  target  at  greater 


depths.  Unfortunately  the  lens  must  be  moved 
before  the  entire  wavefront  from  a given 
depth  arrives  to  every  element  in  the  array . 
The  outer  elements  in  the  array  are  there- 
fore focussed  farther  from  the  array  than 
they  should  to  be  exactly  focussed  on  the 
arriving  wavefront . This  focus  error  is 
called  dynamic  focus  aberration.  In  the 
microprocessor  controlled  system  shown  in 
Fig.  3 there  Is  no  dynamic  focus  error  for 
on-axis  imaging.  This  system  has  the  design 
flexibility  to  focus  the  outer  elements  at 
different  depths  than  the  inner  elements 
due  to  the  separate  focus  oscillator  on  each 
channel.  In  the  C3D  lens,  however,  extra 
lens  elements  (clock  zones)  may  be  added  to 
connect  for  this  form  of  abberatlon. 

These  are  aberrations  due  to  the  focus 
approximation  used  in  the  device  design  shown 
in  Fig.  5.  This  device  uses  parabolic  delay 
equalization  for  a spherical  wavefront. 

While  a C3D  lens  could  easily  be  designed  to 
exactly  equalize  (except  for  truncation 
error)  the  delay  for  a specific  spherical 
wavefront,  it  could  not  be  scanned  by  varying 
the  clock  rate  to  equalize  other  spherical 
wavefronts.  Thus  the  parabolic  approxima- 
tion which  is  fairly  accurate  at  ranges 
greater  than  the  aperature  of  the  array  is 
used  to  acomplish  a generally  useful  focus 
function  in  a single  device.  As  in  the  case 
of  dynamic  focus  aberration,  additional  lens 
elements  may  be  used  to  advantage  in  reducing 
this  form  of  aberration. 

Electronic  aberrations  encompass  all 
of  the  Imaging  distortions  due  to  the  non- 
ideal  parameters  of  the  C3D  lens.  Two  sig- 
nificant sources  of  electronic  aberrations 
in  the  C3D  lens  are  (1)  charge  transfer 
efficiency  (2)  cross  modulation  distortion. 
The  efficiency  of  charge  transfer  between 
storage  electrodes  determines  the  total 
number  of  storage  elements  permissible 
between  device  input  and  output.  Large 
charge  transfer  losses  result  in  a reduced 
delay  line  bandwidth.  Typically  transfer 
loss  considerations  limit  the  total  number 
of  storage  elements  in  a channel  to  five 
hundred  and  the  maximum  clock  frequency  to 
fifteen  megahertz.  Intermodulation  distor- 
tion results  from  the  Interaction  of  the 
four  clock  frequencies  shown  in  Fig.  S with 
nonlinearities  at  the  C3D  inputs,  output  and 
lens  element  Interfaces.  While  the  input  and 
output  cross  modulation  distortions  may  be 
eliminated  in  principal  by  shielding  these 
points  from  the  clocks,  the  lens  element 
interface  cross  modulation  distortion  is 
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primarily  a function  of  the  design  of  the 
lens  Interface  and  the  respective  clock 
frequencies  of  the  lens  elements  on  each 
side  of  the  Interface.  This  Interface  cross 
modulation  distortion  Is  the  result  of  the 
asynchronous  partitioning  of  charge  packets 
which  arrive  at  an  interface  with  a propaga- 
tion velocity  different  from  the  packets 
leaving  the  other  side.  In  this  case  the 
packets  are  regrouped  resulting  in  a differ- 
ence frequency  being  generated.  From  a 
spectral  point  of  view  one  may  consider  the 
signal  packet  as  being  resampled  at  each 
interface  by  a special  type  of  sampler.  If 
the  resampling  is  not  performed  at  frequencies 
large  enough  to  encompass  twice  the  highest 
frequency  sampled,  some  aliasing  will  occur. 

Unfortunately  the  spectrum  to  be  sampled 
is  very  rich  in  harmonics  so  insuring  twice 
that  the  largest  frequency  component  be 
sampled  is  impractical.  Fortunately  some 
averaging  (low  pass  filtering)  occurs  at 
the  interface  reducing  the  magnitudes  of 
some  of  the  aliased  components.  In  a practi- 
cal system  design  using  C3D  lenses  the  spec- 
trum and  magnitude  of  these  difference  fre- 
quencies relative  to  the  desired  signal  pass- 
band  should  be  considered.  A detailed 
analysis  of  electronic  distortion  aberra- 
tions is  beyond  the  scope  of  this  paper. 

SUMMARY 

Two  electronically  focussed  ultrasound 
imaging  systems  have  been  presented.  Both 
systems  offer  significant  improvement  in 
resolution  compared  with  single  element 
systems  for  ranges  from  one  to  ten  times 
the  system  aperature.  The  microprocessor 
controlled  system  offers  fewer  sources  of 
imaging  aberrations  while  the  single  chip 
C3D  lens  offers  high  performance  in  an 
extremely  compact  and  potentially  economical 
system  configuration. 
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CCD  TV  CAMERAS 

UTILIZING  INTERLINE-TRANSFER  AREA  IMAGE  SENSORS 


K.  A.  HOAGLAND  and  H.  L.  BALOPOLE 

Imaging  Systems  Division 

Federal  Systems  Group 

Fairchild  Camera  & Instrument  Corp. 

ABSTRACT 

A recently  developed  Fairchild  CCD  area  array  image  sensor  of  190  x 244  elements,  described  in  a paper  by  Kim,  Steffe,  and  Walsh  at  this 
oonference,  and  a 380  x 488  element  device  currently  being  developed  have  design  features  which  simplify  application  of  these  sensors  in 
compact,  highly  ruggedized  solid-state  TV  cameras.  Sensor  characteristics  are  reviewed  with  emphasis  on  the  reduction  of  camera  circuit 
complexity  resulting  from  the  use  of  two-phase  charge  transport  principles  in  combination  with  interline-transfer  device  organization. 

Several  camera  designs  using  the  244  and  488  devices  are  described  including  a 488  LLLTV  camera  and  a 244  camera  pair  which  effectively 
doubles  the  image  format  pixel  density  along  the  row  direction.  Experimental  results  demonstrating  low-light -level  and  multiplexed  cam- 
era pair  operation  are  presented. 

The  MV201,  Fairchild's  commercial  camera  product  is  described.  The  design  employs  the  190  x 244  element  image  sensor.  The  electronic 
circuit  blocks  comprising  the  camera  are  described  as  well  as  the  techniques  employed  for  miniaturization. 

Variations  on  the  basic  MV201  design  are  discussed.  These  include  a two-piece  camera  with  a I-1/*  inch  diameter  %-inch  thick  sensing  head, 
a "G"  hardened  version  designed  to  withstand  howitzer  shell  launch  conditions,  and  a version  for  use  in  borehole  applications  where  the 
output  is  converted  to  slow- scan  video  for  transmission  over  several  miles  of  cable. 


INTRODUCTION 


The  interline  transfer  (\LT)  organization  has  been  adopted  for  a 
family  of  charge  coupled  image  sensors,  includirwdtf  igns  with 
100  x 100, 190  x 244,  and  380  x .488  elements  r'2,  . Each  de- 
sign employs  two-phase  (20)  charge  transport  principles  which, 
in  combination  with  the  ILT  organization,  minimizes  the  num- 
ber and  complexity  of  gate  drive  waveforms  necessary  for  de- 
vice operation.  In  addition,  each  design  employs  buried  channel 
principles  which  eliminate  the  surface  channel  device  require- 
ment for  bias  charge  or  "fat-zero"  insertion.  For  the  190  x 244 
sensor,  buried  channel  operation  is  combined  with  an  on-chip 
low  noise  distributed  floating  gate  amplifier  (DFQAl  with  a re- 
sultant significant  increase  in  low  light  sensitivity  . Threshold 
signal  packets  of  a few  tens  of  electrons  can  be  efficiently  trans- 
ferred and  detected. 

As  shown  in  Figure  1 , the  total  number  of  gate  drives  or  forcing- 
functions  for  ILT  operation  is  significantly  less  than  for  a typical 
30  frame-transfer  design-simplifying  the  utilization  of  ILT  sensors 
in  compact,  all  solid  state  TV  camera  equipment.  The  30 design 
requires  the  generation  of  3 different  waveforms  for  each  of  the  3 
sets  of  vertical  (V)  and  horizontal  (H)  transport  gates.  Only  two 
V and  H transport  waveforms  are  required  for  the  20  ILT  since 
the  inputs  for  each  H and  V pair  are  complementary. 

Figure  2 illustrates  the  ILT  organization  and  the  forcing-function 
inputs  required  for  self-scan  operation  as  a TV  image  sensor.  The 
unit  cells  contain  one  photosensor  site  and  an  adjacent  light -shielded 
site  which  is  one-half  stage  of  a 20  vertical -transport  register.  Cell 
dimensions  are  defined  by  comb  channel  stop  boundaries  on  three 


sides  of  the  photosite . Alternate  cell  rows  are  uniquely  assigned  to 
each  of  the  two  fields  comprising  a TV  frame  resulting  in  higher 
vertical  MTF  than  for  beam-scanned  or  frame-transfer  type  image 
sensors.  An  implanted  potential  barrier  at  the  photosite/transfer 
site  interface  inhibits  transfers  to  the  vertical  column  register,  ex- 
cept when  the  photogate  (0J^  is  LOW  and  the  adjacent  transfer 
gate  (0yjor  0yo)  i*  HIGH.  T’hus,  2/1  interlace  readout  is  achieved 
by  pulsing  0 LOW  during  each  vertical  blanking  interval  and  apply- 
ing complementary  0y  j waveforms  with  HIGH  states  during 
alternate  V -blanking  periods. 


FRAME  TRANSFER  INTERLINE  TRANSFER 

O*.  SURFACE  CHANNEL)  13*  tU*)EO  CHANNEL) 


13  CATE  INRUTS  • OATE  INRUTS 

FIGURE  1.  GATE  DRIVE  INPUTS  FOR  CCD  TV 
IMAGE  SENSORS 


At  the  start  of  the  000  field  readout,  elements  corresponding  to 
odd  number  rows  are  first  shifted  in  unison  into  adjacent  sites 
for  row  transport  along  the  column  registers  to  the  output  register. 
The  EVEN  field  sequence  is  similar  except  the  initial  shift  is  into 
sites.  Row  transfers  at  the  output  register  interface  (for  both 
ODD  and  EVEN  rows)  are  effected  by  holding  j LOW  and 
HIGH  during  the  horizontal  blanking  interval.  Complementary 
square  wave  pulses  at  element  rate  are  applied  to  the 
transport  gates  to  serially  shift  packets  to  the  output  detector 
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FIGURE  2.  INTERLINE  TRANSFER  CCD  ORGANI- 
ZATION AND  DRIVE  INPUT  WAVE 
FORMS 
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FIGURE  3.  FUNCTIONAL  REQUIREMENTS  FOR 
A CCD-TV  CAMERA  UTILIZING  AN 
ILT  AREA  IMAGE  SENSOR 


In  accordance  with  525-line  monochrome  system  specifications 
the  nominal  values  required  for  readout  scan  parameters  are:  line 
rate  f.  * 15,750  Hz  ; field  rate  fp  * 60  Hz;  and  frame  rate  fp  = 
30  Hziwith  2/1  field/frame  interlace).  The  RS-1 70/3262  vSti- 
cal  blanking  interval  is  (20  + 22/130)  line  periods/field,  defining 
a minimum  of  (525-40)  * 485  active  scan  lines,  hence  sensor  ele- 
ment rows  per  frame. 


CAMERA  DESIGN  FOR  525  LINE  TELEVISION 

Circuit  functions  for  a TV  camera  using  interline-transfer  image 
sensors  are  illustrated  in  the  block  diagram.  Figure  3.  With  the  ex- 
ception of  the  CCD  and  its  associated  gate  drive  waveforms,  similar 
functions  (plus  horizontal  and  vertical  scanning)  are  necessary  for 
conventional  camera  designs  using  beam-scanned  image  sensors.  A 
typical  ILT-CCD  camera  logic  design  employs  a crystal  clock  at  fre- 
quency f^  = 2f p,  where  f g is  the  element  readout  rate,  to  provide 
decoding  edges  Tor  pulses  shorter  in  duration  than  an  element  peri* 
od.  All  CCD  gate  waveforms,  and  the  display  sync  and  blanking 
signals  are  derived  from  fg  by  divide-down  counters  and  combina- 
tional logic  circuits. 


Horizontal  blanking  is  defined  as  (22/130)  horizontal  line  periods, 
which  is  equivalent  to:  (22/130)  (n^  + n«)  = (22/130)  n-p  where 
nA.  n0  and  n-p  define  the  active,  blanker/;  and  total  number  of 
element  periods/line  period,  respectively.  If  n-p  is  selected  to  be 
910/2  s 455,  a single  master  clock  can  be  used  to  satisfy  the  re- 
quirements for  both  RS-170  and  CCD  gate-drive  waveform  syn- 
thesis. For  this  condition,  n«  - (22/130)  455  = 77,  and  n- = 

(nT  * ng)  * 378.  The  CCAID-488B  sensor  currently  being  devel- 
oped has  380  elements/row,  and  488  rows,  hence  a few  terminal 
rows  and  columns  can  be  blanked  off  when  blanking  signal  edges 
are  properly  centered  with  respect  to  the  active  format  region. 


CAMERA  DESIGN  USING  190  X 244  ELEMENT  SENSORS 


A beam-scanned  camera  design  requires  relatively  complex  logic 
circuits  to  conform  with  525  line  TV  system  specifications  such 
as  El  A RS-170.  In  this  case,  the  function  of  the  logic  is  to  syn- 
thesize synchronization  and  blanking  waveforms  with  timing  edges 
defined  from  the  output  of  a master  clock  operating  at  a high  multi- 
ple of  the  line  scan  frequency  f j.  A typical  single-chip  MOS-LSI 
TV  signal  generator,  such  as  the  Fairchild  type  3262,  is  controlled 
by  a crystal  clock  operating  at  910  fL,  facilitating  the  generation  of 
a synchronous  NTSC  color  subcarrier  output  at  the  nominal  US 
Standard  3.58  MHz  rate4.  Decoding  edges  for  either  monochrome 
or  color  system  outputs  are  derived  from  an  on-chip  square  wave 
clock  at  130  fj_. 

Although  existing  waveform  generators  such  as  the  3262  do  not 
provide  CCD  gate  signal  outputs,  a modified  CCD/RS-170  com- 
patible design  is  feasible  if  the  CCD  design  conforms  to  system 
specifications.  For  CCD  imaging  sensors,  conformance  implies 
a precisely  defined  number  of  readout  lines  per  field.  Also,  if 
the  CCD  sensor  element  counts  per  line  are  properly  def  ined,  a 
simplified  camera  logic  design  using  a single  master  clock  input 
is  possible. 


Semiconductor  industry  economic  considerations  clearly  indicate 
a power  function  relationship  between  device  cost  and  silicon  chip 
size. 1 In  addition,  there  are  a number  of  TV  camera  applications 
which  can  be  satisfied  by  sensors  with  'ewer  pixels/frame  than  re- 
quired for  525  line  broadcast-TV  systems.  These  applications 
are  being  addressed  by  utilizing  the  small  format  (0.44  cm  x 0.57 
cm)  190  x 244  element  sensor,  as  described  below. 

OPERATING  MODES 

The  190  x 244  element  counts  of  exactly  half  the  full  format  380 
x 488  design  were  selected  to  facilitate  modes  which  are  interface- 
compatible  with  existing  TV  system  equipment  including  VTR's, 
display  monitors,  and  TV  receivers.  These  modes  include: 

FORMAT  INSET  MODE  — All  camera  waveforms  are 
identical  to  those  required  for  operation  of  a 380  x 
488  sensor,  except  for  an  extension  of  the  horizontal 
and  vertical  blanking  intervals.  Thus,  an  NTSC  com- 
patible video  signal  can  be  generated  over  a portion  of 
the  full  display  format  equal  to  % the  active  height  and 
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width.  The  outputs  from  up  to  four  cameras  can  be 
displayed  on  a single  monitor  by  appropriate  phasing 
of  the  active  and  blanking  signal  intervals  prior  to 
composite  signal  mixing. 

FULL  FORMAT,  SYNTHETIC  INTERLACE-MODE- 
By  modifying  the  camera  timing  generator  to  enable 
counting  an  integral  number  of  lines/f  ield  near  the  nor- 
mal 262-1/2  line  value,  a non-interlaced  display  raster 
can  be  generated  with  horizontal  and  vertical  scanning 
rates  within  a few  percent  of  industry  standards.  A 
raster  thus  generated  is  "synthetically"  interlaced  by 
alternatively  addressing  the  display  with  video  .ines  of 
normal  sensor  and  blanking  signal  followed  by  an  arti- 
ficially generated  line  signal  with  100%  blanking.  Dur- 
ing an  ODD  field  sensor  readout,  lines  1, 3,  5,  — , 

^odd  °* the  active  format  contain  sensor  video  signal 
wnue  2, 4,  6,  — , Nfiven  are  blanked  off,  with  the  video/ 
blank  line  sequence  reversing  for  the  following  EVEN 
field  readout. 

FULL  FORMAT,  FAST  FRAME  MODE  - Camera 
timing  logic,  including  display  synchronization  and 
vertical -blanking  signals,  are  altered  to  generate  a true 
2/1  interlaced  display  with  approximately  half  the 
usual  number  of  active  scan  lines  per  field.  VTR  com- 
patibility is  achieved  by  selecting  a 120  Hz  vertical 
rate,  which  is  an  even  multiple  of  the  standard  rate. 
Display  circuit  modifications  are  required,  however, 
these  modifications  can  be  limited  to  the  vertical 
scan  generator  if  the  horizontal  scan  frequency  is 
selected  to  be  within  a few  percent  of  15,750  Hz. 
Advantages  of  the  fast -frame  mode  include  the  elimi- 
nation of  interline  display  flicker,  enhanced  resolu- 
tion for  rapidly  moving  scene  information,  and  re- 
duction of  dark  signal  effects  limiting  dynamic  range 
at  high  operating  temperatures. 

MULTIPLEX  MODES  - Other  system  compatible 
modes  are  possible  if  two  (or  more)  190  x 244  ele- 
ment sensors  are  arranged  to  view  identical  scene 
information;  by  utilizing  optical  beam  splitters  and  a 
single  lens,  or  by  employing  matched  individual 
lenses  in  a boresight  configuration.  The  outputs  of 
each  sensor  can  then  be  combined,  i.e.,  multiplexed, 
into  a single  video  information  channel.  Thus  a pair 
of  ILT  sensors  with  190  elements/row  and  244  rows/ 
frame  can  be  used  to  generate  multiplexed  video  for 
a display  with  twice  the  pixel  information  content. 
Sensor  outputs  can  be  combined  to  yield  380  pixels/ 
line  with  244  lines/frame  or  380  pixels/line  pair  with 
488  lines/frame.  A camera  utilizing  one  of  these  modes 
is  described  in  the  next  section. 

THE  BOR ESIGHT-244  CAMERA 

Interline  transfer  image  sen;ors  can  be  operated  in  a unique  ele- 
ment multiplexed-pair  (E-MUX)  mode  which  doubles  the  pixel 
density  in  the  row  direction  . The  combined  6-MUX  video  has 
characteristics  similar  to  the  video  from  an  ideal  single  sensor 
with  380  contiguous  pixels/line  and  244  lines/frame.  This  ef- 
fectively doubles  the  sampling  density  in  the  horizontal  direc- 
tion while  maintaining  the  high  MTF  in  the  horizontal  direction. 
Implementation  principles  are  based  on  two  characteristics  of 
the  ILT  sensor  organization: 

1 ) element  aperture  response  in  the  row  direction 
is  defined  by  a photosensing  site  width  < 0.6 
cell  width,  and, 


2)  the  readout  signal  interval  corresponding  to 
each  sensing  element  is  approximately  1/2  the 
element  transfer  period. 

A camera  pair,  known  as  the  Boresight-244  System,  has  been 
constructed  to  evaluate  multiplexing  principles.  This  system, 
as  shown  in  Figure  4,  consists  of  two  identical  cameras  each 
employing  the  190  x 244  sensor.  A third  assembly,  the  Multi- 
plex Control  Unit  (MCU)  allows  the  two  cameras  to  interact  in 
a variety  of  ways.  Each  camera  can  be  operated  as  a stand-alone 
unit.  As  such,  the  element  readout  rate  is  3.75  MHz,  with  a frame 
rate  of  60  Hz.  With  both  cameras  and  the  MCU  interconnected. 


FIGURE  4.  BORESIGHT-244  CAMERA  SYSTEM 


the  cameras  run  synchronously  in  a master /slave  relationship  and 
the  combined  video  signals  can  be  displayed  on  a single  monitor. 
After  rough  image  alignment  adjustment,  the  MCU  is  switched  to 
the  align  mode.  In  this  mode  the  signals  from  each  camera  are 
subtracted,  thus  an  ideally  boresighted  pair  results  in  a blank 
video  display.  Micrometer  adjustments  on  one  of  the  cameras 
are  used  to  achieve  alignment;  once  boresighted  the  adjustments 
are  locked  in  position. 

Following  boresight  alignment,  the  MCU  can  be  switched  to  one 
of  two  operating  modes.  For  resolution  enhancement  the  MCU 
gates  the  video  from  each  camera  so  that  there  are  380  (190  x 
2)  pixels  per  display  line.  In  this  mode  the  boresight  alignment 
is  modified  to  result  in  a 1/2  cell  pitch  offset  between  the  image 
information  viewed  by  the  master  and  slave  cameras,  as  indicated 
in  Figure  5.  The  resolution  in  this  mode  is  twice  as  much  in  the 
horizontal  direction  as  for  either  of  the  contributing  cameras. 
Vertical  resolution  is  unchanged. 

Figure  6 shows  an  enlarged  portion  of  the  displayed  video  out- 
put for  the  boresighted  pair  operating  in  the  E-MUX  mode. 
Horizontal  resolution  equivalent  to  the  285  TVL/PH  Nyquist 
limit  condition  is  obtained  with  both  cameras  operating.  Apply- 
ing identical  techniques  to  a camera  pair  using  380  x 488  image 
sensors  would  yield  a composite  video  output  with  760  TV  ele- 
ments per  format  width;  i.e.,  570  TVL/PH  horizontal  resolution. 

The  other  operating  mode,  known  as  the  E-SUM  mode,  is  con- 
cerned with  signal-to-noise  ratio  enhancement.  By  boresighting 
the  system  and  then  summing  the  two  outputs,  the  combined 
signal  is  twice  that  of  a single  camera  viewing  the  same  scene 
with  the  same  lens  T-value.  Since  the  on-chip  amplifier  noise 
of  each  camera  is  uncorrelated,  the  SNR  of  a camera  pair  will  be 
enhanced  by  a y/2  factor. 
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FIGURE  5.  E-MUX  SPATIAL  ALIGNMENT  FOR 
244  X 190  SENSOR  PAIR 


(a)  <b) 

(a)  Enlarged  portion  of  multiplexed-pair  video 
display;  (b)  same  as  (a),  except  lens  of  one  cam- 
era is  capped.  Resolution  wedge  calibration  is 
470  TVL/PH  at  center  circle.  1st  to  4th  arc 
markings  denote  wedge  resolutions  of  312,235, 

156  and  117  TVL/PH,  respectively. 

FIGURE  6.  BOR ESIGHT -244  CAMERA  SYSTEM 
IMAGING 


THE  MV201  CCD-TV  CAMERA 

The  Fairchild  MV201  is  a recently  introduced  TV  Camera  prod- 
uct utilizing  the  190  x 244  element  CCD-21 1 image  sensor.  Cir- 
cuit design  features  have  been  included  which  permit  packaging 
in  a variety  of  compact  camera  configurations  for  specific  appli- 
cation requirements. 

The  standard  MV201  is  housed  in  a near-cylindrical  case,  2-% 
inches  in  diameter  and  3- Vi  inches  long  (approximately  17  cubic 
inches),  as  shown  in  Figure  7.  It  is  a lightweight  and  rugged  as- 
sembly requiring  less  than  4 watts  from  an  external  ±12  volt 


FIGURE  7.  FAIRCHILD  MV201  CCD-TV  CAMERA 


power  supply.  The  lens  bushing  is  a 16mm  C-mount  type,  how- 
ever, a number  of  small  format  TV  and  camera  lenses  can  be 
used,  includinq  Super-8mm  types. 

The  camera  electronic  circuits  are  arranged  in  three  major  func- 
tional groups:  Logic  Control,  Gate  Drivers  and  Video  Processing. 
The  logic  is  a crystal-controlled  CMOS  system  which  provides 
clocking  at  the  nominal  element  rate  of  3.766  MHz.  A choice 
of  frame  rates  is  available,  depending  on  user  preference.  The 
standard  camera  operates  at  30  frames/second  using  the  syn- 
thetic interlace  mode;  a 60/second  fast-frame  mode  is  available 
as  an  option.  The  line  rate  for  either  mode  is  16.02  KHz. 

Hybrid  circuits  are  used  for  both  Logic  and  Gate  Driver  functions. 
A total  of  six  clock  signals  are  applied  to  the  CCD,  however,  these 
are  derived  from  only  three  input  waveforms  due  to  the  inherent 
simplicity  of  drive  requirements  for  the  two-phase  interline-trans- 
fer CCD. 

The  Video  Processor  contains  sample  and  hold,  gamma  compen- 
sation, and  automatic  gain  control  (AGC)  circuits.  The  AGC 
feature  extends  the  operating  range  to  sensor  highlight  levels  of 
less  than  10'3fc  (2854°K).  Camera  output  is  a composite  video, 
sync,  and  blanking  signal  suitable  for  driving  up  to  500  feet  of 
coaxial  cable.  A typical  camera  output  image  is  shown  in  Figure  8. 

MV201  VARIATIONS 

Due  to  its  small  size  and  low  power,  the  basic  MV201  design  has 
been  used  as  the  basis  for  a number  of  interesting  applications. 

In  environments  where  space  is  at  an  absolute  minimum,  the 
MV201  can  be  operated  as  a two-piece  system  comprised  of  the 
camera  body,  containing  the  electronics,  and  a remotely  located 
sensor.  The  length  of  the  cable  may  be  two  feet  or  longer,  de- 
pending on  the  availability  of  space  for  electronics  at  the  sensor 
location.  A cable  containing  less  than  20  wires  connects  the  sen- 
sor to  the  electronics.  The  applications  for  such  a system,  where- 
in the  sensor  head  (excluding  optics)  can  be  l -’/a  inches  in  dia- 
meter and  less  that  %-inch  thick  are  widespread.  The  remote 
head  may  be  substituted  directly  for  the  standard  camera-housed 
sensor.  One  such  application  for  this  type  of  system  is  in  aircraft 
with  limited  windshield  space,  where  a camera  is  required  to  view 
the  forward  scene,  as  well  as  the  heads-up-display  superimposed 
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thereupon.  Any  obstruction  to  the  pilot's  view  is  undesirable,  so 
aV%  inch  diameter  sensor  head  represents  a near-ideal  solution. 


LLLTV  CAMERA  DEVELOPMENT 


FIGURE  8.  MV201  CCD-TV  CAMERA  IMAGE 


The  MV201  is  being  incorporated  in  a camera  system  to  be 
used  for  underground  inspection  in  the  event  of  a mine  disaster. 
In  this  situation  a hole  is  first  bored  into  the  earth  to  reach  the 
site.  A long  2-!4  inch  diameter  cylinder  containing  the  camera, 
coupled  to  a scan  converter,  is  then  dropped  into  the  borehole 
at  the  end  of  a connecting  cable  which  can  be  up  to  24,000' 
long.  Single  frame  slow  scan  video  is  then  transmitted  to  a re- 
ceiving site  at  ground  level.  Due  to  the  possibility  of  explosions 
in  this  type  of  environment,  a standard  vidicon  system,  with  its 
associated  high  voltage,  cannot  be  used  without  a targe  diameter 
explosion  proof  housing.  The  CCD  approach  overcomes  these 
limitations. 


The  objective  of  a recently  initiated  development  program  is  to 
incorporate  the  MV2Q1  concept  into  an  artillery -launched  system. 
This  system  will  provide  real-time  observation  of  preselected  areas 
using  a parachute-deployed  TV  camera  and  RF  link.  The  system 
makes  use  of  the  maior  components  of  the  XM485  illuminating 
round  for  the  155  mm  howitzer,  in  which  the  illuminant  is  re- 
placed with  a ballistically  matched  package  comprising  the  CCD 
TV  camera,  battery,  RF  transmitter,  and  antenna.  The  TV  pic- 
tures are  received  and  displayed  in  real  time  on  a monitor  and 
simultaneously  recorded  on  video  tape.  During  the  launch  of  the 
shell,  the  camera  system  must  endure  accelerations  of  14,000  G'$. 
A completely  solid  state  image  sensor  is  clearly  needed  for  such 
an  environment. 

A two-camera  system,  similar  to  the  previously  mentioned  Bore- 
sight  Pair,  can  be  used  to  generate  video  corresponding  to  two 
different  views  of  the  same  object  suitable  for  reconstruction 
as  three-dimensional  stereo  display  images.  The  applications  for 
stereo  TV  are  numerous,  including  the  inspection  and  control  of 
objects  or  vehicles  in  remote  or  hazardous  areas.  The  additional 
circuit  requirements  for  paired-camera  operation  are  relatively 
modest;  over  75%  of  the  electronics  can  be  shared. 


An  all  solid  state  TV  camera  is  being  developed  with  features 
designed  to  extend  the  illumination-sensitivity  threshold  to  sen- 
sor highlight  levels  of  2 x I0'5fc  00'5  W/mZ,  2854°K).  Cam- 
era design  parameters  are  based  on  utilization  of  a 380  x 488 
element  image  sensor.  The  element  clock  rate  is  7.16  MHz. 
with  a 30  frame/second  rate.  The  composite  video  output  sig- 
nal is  designed  to  be  fully  compatible  with  525  line  TV  display 
and  VTR  equipment. 

Preliminary  evaluations  of  camera  circuit  concepts  and  LLLTV 
performance  have  been  made  using  the  190  x 244  image  sensor, 
which  incorporates  the  same  design  principles  as  the  larger  380 
x 488  version. 

The  images  of  figures  9 and  10  were  obtained  by  processing  and  dis- 
playing the  output  signal  from  the  on-chip  12-stage  distributed 
floating  gate  amplifier  (DFGA)6.  Output  imaging  was  observed  for 
an  8000/1  range  of  sensor  highlight  illumination.  The  sensor  readout 
rate  was  30  frames/second,  simulating  380  x 488  operation.  Figure  9 
illustrates  imaging  of  a high-contrast  pattern  consisting  of  test  bar 
groups  at  1/4  and  1/2  Nyquist-limit  horizontal  resolution.  Pictorial 
scene  imaging  for  the  same  device,  at  similar  highlight  signal  levels,  is 
shown  in  Figure  10.  The  image  sensor  highlight  level  equivalent  to 
the  25  electrons/pixel/frame  threshold  condition  is  approximately 
2 x 10-5fc  _2854°K. 

Figure  1 1 illustrates  the  camera  configuration  to  be  employed. 

The  sensor  is  enclosed  in  a hermetically -sealed  region  containing 
a thermoelectric  cooling  module.  The  cooling  feature  has  been 
included  to  minimize  the  dark  current  and  dark  current  noise 
effects  which  can  limit  image  detectability  at  very  low  signal 
levels. 


CONCLUSIONS 

CCD  area  image  sensors  of  the  interline  transfer  type  are  being 
utilized  in  all  solid-state  TV  cameras  for  applications  where  very 
small  size,  low  power/low  voltage  operation,  high  sensitivity,  and 
extreme  ruggedness,  are  either  desirable  or  mandatory  system 
requirements. 

The  CCD-ILT  sensors,  particularly  the  190  x 244  and  380  x 488 
designs,  have  features  which  make  these  devices  useful  for  many 
operating  modes  not  feasible  with  other  types  of  solid-state  and 
beam-scanned  image  sensors.  Operation  at  very  high  frame  rates 
is  feasible,  since  the  line  transfer  rate  is  never  required  to  exceed 
line  readout  rate.  Low  light  level  operation  has  been  demonstrated 
at  threshold  levels  corresponding  to  signal  packets  of  the  order  of 
tens  of  electrons.  The  ILT  organization  is  adaptable  to  multiplexed 
operating  modes,  one  of  which  demonstrates  image  resolution  ele- 
ment densities  in  excess  of  66  pixels/mm;  comparable  with  silicon- 
target  beam-scanned  image  sensor  performance.  Also,  these  ILT 
sensors  have  a unique  capability  for  accepting  information  from  an 
electrical  input  register.  These  features,  when  fully  exploited,  may 
be  expected  to  result  in  significant  new  applications  for  solid-state 
TV  cameras. 
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< ELECTRONS  25  ELECTRONS 

FIGURE  9.  TEST  BAR  IMAGING  WITH  THE  OFGA  OUTPUT  OF  A 190  x 244  SENSOR 

EXPOSURE  TIME.  0.1  SECOND.  TEMPERATURE:  0°C,  30  FRAMES/SECOND 
ELECTRON  COUNTS  REPRESENT  ELECTRONS/PIXEL/FRAME  IN 
IMAGE  HIGHLIGHT  REGIONS 


• 

A 200 K ELECTRONS 
B 20K 
C 2K 
D 200 
E 100 
F 50 
G 25 

EXPOSURE  TIME  =0.1  SEC. 
TEMPERATURE  -10°C 


FIGURE  10.  PICTORIAL  SCENE  IMAGING  WITH  THE  DFGA  OUTPUT  OF  A 190  X 244  SENSOR 

ELECTRON  COUNTS  REPRESENT  ELECTRONS/PIXEL/FRAME  IN  IMAGE  HIGHLIGHT  REGIONS 


cco  enclose 


FIGURE  11.  LLL-TV  CAMERA  CONFIGURATION 


BIBLIOGRAPHY 

1.  Walsh,  L.,  and  Dyck,  R.H.,  "A  New  Charge-Coupled  Area 
Imaging  Device",  Proceedings  of  the  CCD  Applications 
Conference,  pp.  21-22,  San  Diego,  CA.,  Sept.  1973;  see 
also  Fairchild  CCD201  Data  Sheet. 

2.  Amelio,  G.F.,  "The  Impact  of  Large  CCD  Image  Sensing 
Area  Arrays",  (Review  Paper-lmagingl  CCD'74,  Inter- 
national Conference  on  Technology  and  Applications  of 
Charge-Coupled  Devices,  Edinburgh,  Scotland,  Sept.  1974 

3.  Kim,  C.K.,  Steffe,  W.,  and  Walsh,  L.,  "A  High  Perform- 
ance 190  x 244  CCD  Area  Image  Sensor  Array",  This 
conference. 

4.  Hamaoui,  H„  Chesley,  G.,  and  Schlageter,  J.,  "A  Low-Cost 
Color-TV  Sync  Generator  on  a Single  Chip",  IEEE  Inter- 
national Solid-State  Circuits  Conference,  ISSCC  Digest, 

pp.  124-125,  Feb.  1972;  see  also  Fairchild  3262  Datasheet. 

5.  Hoagland,  K.A.,  "Application  Techniques  for  CCD  TV 
Image  Sensors",  Proceedings  of  the  Electro-Optical  Systems 
Design  Conference,  pp.  10-17,  San  Francisco,  Ca.,  Nov.  1974 

6 Wen,  D.D.,  "Low  Light  Level  Performance  of  CCD  Image 
Sensors",  This  conference. 


180 


DIVERSE  ELECTRONIC  IMAGING  APPLICATIONS 
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ABSTRACT 

The  performance  and  operating  characteristics  of  a family  of  Fairchild  CCD  line  image  sensors  provides  the  basis  for  a variety  of  electronic 
imaging  applications.  Multi-chip,  long  line,  and  integrating  mode  line  image  sensor  configurations  are  well  suited  to  such  diverse  applications 
as  high  resolution  aerial  reconnaissance,  facsimile  page  reading,  mail  sack  label  bar-code  reading  and  low  light  level  periscope  scanning. 

CCD  line  image  sensors  used  in  experimental  imaging  configurations  for  these  applications  were  1 x 500, 1 x 1000, 1 x 1728,  and  128  x 128 
element  devices.  The  128  x 128  area  device,  included  in  this  line  image  sensor  category,  is  operated  in  a time  delay  and  integrating  mode 
(TDD.  Results  are  presented  of  imaging  performance  for  experimental  configurations. 

The  real  time  aerial  reconnaissance  test  configuration  described  consists  of  three  1 x 500  element  devices  using  beamsplitting  optics  to 
ach»eve  long  line,  gapless  coverage  of  scene  information.  A nine-chip  electronic  imaging  system  using  1 x 1728  CCD  devices  and  a low  dis- 
tortion. wide  angle  lens  is  also  discussed. 

The  experimental  page  reading  scanner  employs  a single  1 x 1728  array  and  lens  to  cover  an  8-14"  page  width  format  at  a limiting  resolu- 
tion of  200  lines  per  inch.  An  automatic  hand-held  reader  with  a single  1 x 1000  element  array  rapidly  scans  and  reads  mail  sack  labels. 

Experimental  results  are  presented  for  a 128  x 128  multi-row  TDI  charge-coupled  device  in  a moving  image  system.  An  experimental 
configuration  for  low  light  level  periscope  scanning  is  described  and  an  example  of  reconstructed  low  light  level  imagery  is  presented. 


INTRODUCTION 

Newer  forms  of  CCD  buried  channel  line  image  sensors,  i.e., 
long  line  and  multi-row  integrating  arrays  are  enhancing  per 
formance  of  many  all-solid  state  electronic  line  image  applica- 
tions. Specifically,  a 1 x 1728  element  long  line  device  provides 
a substantial  number  of  picture  elements  in  a single  chip  at  a 
resolution  density  approaching  2000  elements/inch.  These  fea- 
tures are  essential  in  applications  where  high  resolution  perform- 
ance is  required  in  single-chip  configurations  or  in  higher  resolu- 
tion multi-chip  configurations  where  high  density,  long  line  sen- 
sors minimize  both  the  number  of  chips  and  the  image  format 
size  required  in  the  sensor  system. 

Another  interesting  CCD  line  image  sensor,  a 128  x 128  element 
multi-row  device,  provides  additional  signal  integration  compared 
to  a conventional  single-row  sensor  when  a scene  is  scanned  across 
its  128  integrating  rows.  Tfus  mode  of  operation,  also  called  time 
delay  and  integration  (TDD1 , provides  the  signal-to-noise  perform- 
ance improvement  to  make  it  useful  in  low  light  level  applications. 
Although  the  size  of  this  initial  device  is  only  128  x 128  in  its  pre- 
sent form,  it  can  undoubtedly  increase  in  the  near  future  consist- 
ent with  the  380  x 488  format  siz«  achieved  ir  CCD  area  image 
device  technology  in  development2. 


Several  diverse  electronic  imaging  applications  are  currently  being 
investigated  which  use  CCD  long  line  and  multi-row  line  image 
sensors  to  advantage: 

• a wide  angle  aerial  reconnaissance  system  where  a 
large  number  of  picture  elements,  e.g.,  15,000,  are 
required  across  the  image  format  for  high  resolution 
performance. 

• a page  scanning  system  where  a single-chip  system 
configuration  is  required  for  200  line  per  inch  per- 
formance using  8-Vi  inch  page  widths. 

• a bar-code  reading  system  where  a single-chip  con- 
figuration automatically  reads  a mail  sack  label  code 
when  positioned  over  a 2.3  inch  long  format. 

• a submarine  periscope  viewing  system  where  opera- 
tion is  required  in  both  daylight  and  night  sky 
environments. 

This  paper  describes  the  laboratory  test  configurations  and  imag- 
ing results  related  to  these  applications.  These  projects  were 
executed  at  the  Fairchild  Imaging  Systems  facility  at  Syosset, 
New  York  and  were  sponsored  by  various  government  agencies. 
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1 X 1728  LONG  LINE  IMAGE  SENSOR 


128  X 128  MULTI-ROW  IMAGE  SENSOR 


■ 


The  1728-element  CCD  line  image  array,  described  recently  in 
the  literature  , is  a two-phase  buried  channel  device  with  read- 
out registers  and  video  amplifiers  included  on  the  chip.  The 
element-to-element  pitch  is  13  Jim,  the  element  width  is  16  Jim, 
and  all  1 728  elements  form  a continuous  unstaggered  photo- 
responsive  line. 

The  1 x 1728  element  CCD  line  image  sensor  consists  of  five 
functional  elements,  illustrated  in  the  block  diagram  of  Figure  1 
These  elements  are: 


The  128  x 128  element  line  image  device  is  composed  of  an  area- 
imaging array,  an  output  register,  and  an  amplifier  section  that 
incorporates  two  amplifiers.  The  central  feature  of  the  sensor  is 
the  area-imaging  array  which  consists  of  16,384  individual  photo- 
sensor elements  arranged  in  a 128  x 128  element  format.  The 
photosensor  elements  are  also  the  unit  cells  of  128  vertical,  128- 
bit  CCD  registers  as  shown  in  Figure  2.  Each  20  Jim  x 20  Jim 
photosensor  element  is  composed  of  two  charge  storage  areas, 
two  barriers,  and  a channel  stop  region. 


• A row  of  1 728  image  sensor  elements,  separated  by 
diffused  channel  stops  and  covered  by  a polysilicon 
photoelectrode.  The  photoelements  are  shown  at 
the  center  of  the  diagram. 

• Two  aluminum  transfer  gate  structures,  one  on 
each  side  of  the  row  of  1 728  photoelements. 

• Two  864-element,  2 phase,  analog  transport  registers, 
one  on  each  side  of  the  line  of  photosensors.  The 
transport  registers  are  separated  from  the  photosen- 
sors by  the  transfer  gate. 

• A charge  detector  and  gated  preamplifier4  which 
detect  the  charges  delivered  by  the  transport  registers 
and  convert  them  to  a voltage  output  signal  (video). 

• A compensation  amplifier  which  provides  the  capa- 
bility of  suppressing  reset  clock  transients  through 
an  external  differential  amplifier. 


CLOCK  TRANSFER  CLOCK 

01  GATES  ©2 


128  VERTICAL 
CCD  CHANNELS 


FIGURE  2.  128  x 128  MULTI  ROW  SENSOR 


The  single-line  output  register  receives  charge  from  the  area  array 
via  an  output  transfer  gate.  Two  amplifiers,  a gated  charge  inte- 
grator 1GCI)  and  a low  noise  threshold  floating  gate  amplifier 
(FGA)  , are  located  at  the  end  of  an  extension  of  the  output 
register. 

c 

The  multi-row  integrating  array  is  used  in  a moving  image  mode0 
where  one  direct  ?n  of  scan  is  provided  by  sensor  or  object  mo- 
tion. As  shown  in  Figure  3 when  the  image  is  moved  across  the 
array  (from  Row  A to  Row  B,  etc.)  charges  developed  in  one  row 
of  potential  wells  (Aj , A2,  Ag,  etc.)  are  transferred  in  synchron- 
ism with  the  image  motion  so  that  at  the  end  of  the  array  rows 
(E)  a substantial  signal  has  been  accumulated.  The  signal  is  trans- 
ferred to  the  output  register  and  is  read  out  in  the  same  manner 
as  a conventional  single-row  (line)  imaging  array.  The  output  regi- 
ster readout  rate  is  greater  than  128  times  the  column  tTansleT  Tate 
to  clear  the  output  register  before  the  next  input  of  row  data. 

The  multi-row  array  is  analogous  to  a mechanical  slit  in  a moving 
film  camera.  The  electronic  "slit"  of  128  rows  is  128  times  great- 
er than  with  a conventional  single-row  array  thereby  achieving  an 
increase  in  exposure  time,  by  a factor  of  128  under  the  same  sys- 
tem operating  conditions. 


AN  ELECTRONIC  WIDE  ANGLE  CAMERA  SYSTEM 

A multi-chip  breadboard  scanner  and  display  unit  was  designed  and 
fabricated  to  study  optical  butting  when  using  simple  beamsplitter 
techniques  to  produce  "seamless"  pictures. 

The  breadboard  arrangement  used  three  CCD  1 x 500  line  image 
sensors4,  which  have  1.2  mil  center -to-center  spacings,  and  a mir- 
ror arrangement  to  scan  a scene  across  the  array.  The  eventual 
electronic  wide  angle  camera  system  (EWACSr  , to  which  the 
study  was  directed,  may  use  nine  or  more  1 x 1728  line  sensors 
operating  in  a pushbroom  or  panoramic  mode  to  provide  an  ap- 
proximate 15.000  Ime  resolution  performance. 


IMAGE 

SCAN 


SYNCHRONIZED  WITH  CHARGE  TRANSFER 


SYSTEM  DESCRIPTION 


FIGURE  4.  BREADBOARD  SENSOR  CONFIGU- 
RATION (EWACS) 


The  EWACS  laboratory  demonstration  sensor  configuration  shown 
in  Figure  4,  primarily  consists  of  a special-design  EWACS  lens,  a 
scan  mirror,  a beamsplitting  prism,  three  optically  butted  1 x 500 
element  linear  CCD  arrays,  and  associated  electronics.  A separate 
control  and  display  unit  provides  logic,  control  functions,  video 
processing,  sweep  generators  and  a CRT  display.  An  additional 
commercial  lens  was  also  used  for  many  of  the  breadboard  tests. 

A CCD  channel  selection  control  permits  viewing  imagery  produced 
by  either  the  500  elements  of  one  CCD  or  the  beginning  250  ele- 
ments and  the  end  250  elements  of  adjacent  pairs  of  CCD's  The 
latter  mode  of  operation  permits  viewing  the  optical  butted  sector, 
between  the  line  image  sensors,in  the  center  of  the  CRT  display. 

A photograph  of  the  optical  butting  section  is  shown  in  Figure  5. 
Major  components  of  this  unit  are  a beamsplitting  prism,  the  CCD 
arrays,  prism  mount,  and  front  end  electronic  components. 


FIGURE  5.  OPTICAL  BUTTING  ASSEMBLY 
(EWACS) 


Multi-Chip  Alignment 

To  facilitate  accurate  chip  positioning,  adjustments  are  incorpo- 
rated into  the  breadboard  optics.  These  adjustments  enable  focus- 
ing and  butting  alignments  to  be  made  while  viewing  the  chips 
through  the  beamsplitter  using  a high  power  microscope.  The 
three  line  arrays,  cemented  to  individual  base  plates,  form  part 
of  a six-degree-of -freedom  adjustable  mount.  The  chips  are  visu- 
ally focused  and  butted  to  better  than  % sensor  element  width. 
Adjusting  screws  for  the  two  outboard  chips  are  accessible  from 
the  rear  so  that  final  butting  alignments  can  be  made  with  the 
breadboard  installed  on  the  objective.  The  final  adjustments  are 
performed  while  viewing  an  oscilloscope  and  the  system  display 
monitor. 
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MULTI  CHIP  IMAGING  RESULTS 


Figure  6 shows  the  results  of  combining  the  video  signals  of  CCD 
arrays  B and  C on  the  display  CRT.  Photograph  B represents  the 
end  250  elements  of  the  B array  alone  and  photograph  C shows 
the  beginning  250  elements  of  the  C array  alone.  The  combined 
B and  C photograph  was  taken  with  both  arrays  operating  simul 
taneously. 

The  system  limiting  resolution,  limited  by  the  sensor  geometry, 
corresponds  to  16  line  pairs  per  millimeter  for  the  1 x 500  ele 
ment  sensor. 

The  region  of  the  disolayed  image  where  the  array  butt  occurs  is 
not  readily  detectable  ,y  viewing  the  Polaroid  photograph  of  the 
displayed  image. 


B AND  C 


FIGURE  7.  MONITOR  DISPLAY  OF  AERIAL 
SCENE  0 x 1728  SENSOR) 


SYSTEM  DESCRIPTION 

In  the  test  arrangement  the  scanned  8-V,  inch  width  page  was 
mounted  on  a carnage  that  was  transported  across  the  field  of 
view  of  the  array.  The  page  ts  illuminated  by  a row  of  lamps 
that  direct  a uniform  light  band  to  the  field  of  view  of  the  ar 
rays.  The  array  and  its  relay  lens  are  mounted  on  a separate 
carnage  above  the  paper  carriage. 


FIGURE  6.  EWACS  BREADBOARD  PERFORM 

ANCE  (1  x 500  MULTI  CHIP  SENSORS) 


An  example  of  aerial  imagery  using  a single  1 x 1728  line  image 
fensor  is  shown  in  Figure  7.  The  imagery  was  scanned  from  a 
film  sample  and  reconstructed  on  a CRT  monitor  display.  The 
maximum  of  800  lines  available  on  the  CRT  monitor  display 
limits  the  output  recording  to  approximately  one  half  of  the 
1 x 1728  sensor's  resolution  capability. 


A PAGE  SCANNING  SYSTEM 

A page  scanning  breadboard  was  designed  and  fabricated  to 
demonstrate  CCD  linear  array  performance  under  conditions 
encountered  in  page  reading  and  facsimile  applications®.  The 
initial  breadboard  scanned  two  1 x 1000  arrays  using  twin 
lenses  to  achieve  high  resolution  performance.  The  1 x 1728 
was  subsequently  developed  to  achieve  the  8-%  inch  page  width 
coverage  and  the  200  line  per  inch  resolution  in  a single-chip 
configuration  thereby  eliminating  the  need  for  the  multiple 
lens  arrangement  and  its  associated  alignment  requirements. 


A rotating  cylinder  test  arrangement  was  also  used  for  page  scan 
ning  tests.  The  rotating  cylinder,  with  a standard  IEEE  Facsimile 
Test  Chart  wrapped  around  it,  inputs  the  image  across  the  array's 
field  of  view.  The  video  signals  developed  are  amplified  and  re 
constructed  on  a CRT  display.  The  video  readout  rate  was  1 MHz 

PAGE  SCANNER  IMAGING  RESULTS 

The  limiting  resolution  for  the  array  in  the  system  coverage  of  an 
8 -Vi  inch  page  was  200  lines  peL  inch  which  corresponds  to  the 
results  of  other  investigators***  . Figure  8 was  taken  with  an  ex- 
panded sweep  CRT  monitor. 

Non-uniformity  of  response,  largely  determined  in  local  areas 
by  array  aperture  geometry  control  and  from  one  end  to  the 
other  (gradual  variations)  by  non-uniformities  in  the  polysilicon 
layer  thickness,  was  approximately  5%  of  the  mean  output  for 
the  1 x 1728  array  when  tested  with  uniform  light  input  and 
without  a lens.  With  the  relay  lens  of  the  scanner  included,  the 
array  response  fell  off  gradually  at  the  two  ends  of  the  line  due 
to  lens  vignetting.  The  gradual  variation  in  brightness  of  the 
recorded  images,  however,  was  found  to  be  unobjectionable  to 
the  eye  as  compared  to  any  sharp  element-to-element  variations. 
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A BAR  CODE  READER  SYSTEM 
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A developmental  model  automatic  label  reader  was  designed  and 
fabricated  f>  read  destination  bar  codes  on  mail  sack  labels.  The 
reading  requires  only  that  the  operator  position  the  hand  held 
scan  head  over  the  2.3  inch  long  mail  sack  label  instead  of  per 
forming  a manual  scan  as  required  with  earlier  reader  equipment. 
The  digital  code  read  is  transmitted  to  a computer  which  controls 
the  sorting  mechanism  of  a mail  sack  conveyor  line. 

SYSTEM  DESCRIPTION 

As  shown  in  Figure  10,  the  developmental  mail  sack  label  reader 
is  configured  in  a housing  with  a “pistol  grip"  handle.  The  read- 
er system  contains  both  a scan  head  assembly  and  an  electronic 
interface  assembly.  Light  source  imaging  optics,  a 1 x 1000  CCD 
line  array,  array  logic  and  driver  circuits  and  video  amplifier  are 
in  the  hand-held  scanhead  assembly.  The  same  scanhead  is  used 
for  both  stencil  and  computer  code  labels.  The  electronic  inter- 
face assembly  consists  of  an  analog  to  digital  converter  shift  regis- 
ter memory  and  recognition  logic.  The  output  of  the  label  read- 
er connects  compatibly  with  a decoder  interface. 

Indicator  lamps  mounted  on  the  scanning  unit  are  activated  by 
logic  circuits  to  alert  the  operator  when  the  label  is  read  success- 
fully. 


FIGURE  8.  MONITOR  DISPLAY  OF  RESOLUTION 
WEDGE  (EXPANDED  SWEEP) 


Dynamic  range  of  the  1 x 1728  page  scanner  sensor  was  measured 
to  be  1000.1 . A facsimile  test  chart  recording  from  an  800  line 
CRT  display  screen  is  shown  in  Figure  9. 


FIGURE  9.  MONITOR  DISPLAY  OF  IEEE 
FACSIMILE  TEST  CHART 
(1  x 1728  SENSOR) 


FIGURE  10.  DEVELOPMENT  MODEL  MAIL 
SACK  LABEL  READER 


; 'NGLE-CHIP  IMAGING  RESULTS 

The  analog  output  signal  of  the  scanhead,  when  reading  a bar- 
code sample,  is  shown  in  the  upper  trace  of  Figure  1 1 . This  vari- 
able space  code  is  converted  to  the  digital  signal  shown  in  the 
lower  trace  of  the  photograph.  The  logic  “0"  correspond  to  the 
wide  space  and  the  logic  “1"  to  the  narrow  space  reading.  Dif- 
ferent samples  of  labels,  i.e.,  using  colored  paper  stock,  stencil 
codes,  computer  codes,  skewed  patterns  and  degraded  patterns 
(voids,  ink  variations)  were  successfully  tested  to  an  engineering 
specification.  The  throughput  rate,  i.e.,  the  rate  at  which  mail 
sack  labels  are  picked  up  from  a table,  successfully  read  by  the 
reader,  and  replaced  on  the  table  was  measured  at  greater  than 
20  labels  per  minute. 
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FIGURE  12.  LABORATORY  TEST  ARRANGE 
MENT  FOR  PERISCOPE  SYSTEM 


FIGURE  11. 


BAR  CODE  VIDEO  SIGNALS 
(1  x 1000  SENSOR) 


AN  ELECTRO-OPTICAL  DAY/NIGHT  PERISCOPE  SYSTEM 


A breadboard  periscope  scanner,  currently  being  designed  and 
fabricated  uses  both  a long  line  1 x 1728  and  a 128  x 128  multi- 
row integrating  CCD  sensor  to  demonstrate  simulated  day/night 
periscope  electronic  imaging  performance.  Table  1 lists  the  test 
instrumentation  operating  parameters. 


A future  version  of  the  display  and  recording  arrangements  is 
designed  to  include  a 6 MHz  video  tape  recorder  and  a hard  copy 
reproducer  to  reconstruct  the  images  on  high  quality  film. 


MULTI  ROW  SENSOR  IMAGING  RESULTS 


TABLE  1 

TEST  INSTRUMENTATION  PARAMETERS 
TDI/HIGM  RESOLUTION  ARRAYS 


Number  of  Elements 
Element  Pitch 
Focal  Length 
Vertical  Angle 
Scan  Rate 
Eaposure  Time 
Lmes  pe»  180°  Scan 
Data  Rate 

Scene  Irradiance  Brightness 


SYSTEM  DESCRIPTION 


128 

20  fur  I 00079  -1 
1" 

5 86° 

18°  sec 
325  ms 
3932 

10®  elem  sec 
3 « 10  9 W cm2 


1728 

13  ( 0005r'l 

3" 

16  77° 

37  3° /sec 
260  ms 

18547 

6 9 * 10®  elem  sec 
100  ft  tamberts 


The  test  instrumentation  for  demonstrating  system  sensor  per 
formance  for  the  periscope  application  is  shown  in  the  block 
diagram  of  Figure  12.  It  includes  a rotating  table  to  simulate 
periscope  scanning,  controllable  light  source,  lens,  array  sensors, 
array  logic  and  drive  circuits,  signal  processing  amplifiers  and 
image  display  equipment.  The  display  equipment  consists  of 
both  a direct  CRT  display  with  a Polaroid  camera  recorder  and 
a scan  converter  for  single  frame  storage  and  TV  monitor  display 
of  the  image  at  30  frames  per  second.  Each  sensor,  with  its  lens 
and  control  electronics,  is  interchangeable  on  the  rotating  table. 

Clocking  voltages  used  to  transfer  signal  charges  from  row-to 
row  in  synchronism  with  the  image  motion  at  the  array  plane  of 
the  128  x 128  line  sensor  are  derived  from  a shaft  encoder  cou  - 
pled  to  the  rotating  table.  Temperature  control  of  the  array,  re- 
quired to  reduce  dark  current  under  low  light  input  conditions, 
is  provided  by  cooled  dry  nitrogen. 


Figure  13  shows  a CRT  Polaroid  recording  of  a high  contrast  tn- 
bar  image  made  with  a linear  moving  image  target  test  configu- 
ration using  a 128  x 128  multi-row  image  sensor.  The  tri-bar 
image  easily  resolved  both  orientations  of  tri-bars  corresponding 
to  the  array's  Nyquist  limit. 

The  orientation  and  direction  of  the  moving  image  as  it  traverses 
across  the  array  to  create  charge  summing  is  shown  in  Figure  14. 
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FIGURE  13  MONITOR  DISPLAY  OF  TRI  BAR 
TARGET  1128  x 128  SENSOR) 
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Low  Light  Level  Performance 

The  results  of  a low  level  test  where  the  input  highlight  irradi- 
ance  is  0.5%  of  the  saturation  irradiance  is  shown  in  Figure  15. 
The  highlight  signal  level  was  equivalent  to  1000  electrons  and 
the  noise  level  was  90  electrons  rms.  The  highlight  irradiance 
was  measured  as  16  x 10'9  W/cmz  at  a 43  millisecond  integra- 
tion time  where  the  source  approximated  a 2854°K  black  body 
radiator. 
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FIGURE  15.  MONITOR  DISPLAY  OF  TRI-BAR 
TARGET  AT  0.5%  OF  SATURA 
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CONCLUSIONS 

Although  line  image  sensing  systems  have  the  drawback  of  re 
quinng  sensor  or  object  motion  to  provide  one  direction  of  scan 
•n  electronic  imaging  configurations,  they  have  an  important  role 
m many  electronic  imaging  applications.  Page  reading  and  char 
acter  reading  0 have  long  been  identified  as  major  applications 
for  line  sensors  but  a review  of  the  use  of  line  sensors  in  differ 
ent  configurations,  i.e.,  multi-chip,  multi-row  and  long  line  sin 
gle  chip  arrangements  shows  that  they  can  also  address  other 
high  performance  electronic  imaging  applications. 

The  four  examples  discussed  are  believed  to  be  only  a small  sam 
pie  of  the  potential  areas  of  use  for  CCD  line  imagers.  Develop- 
ment. for  example,  of  very  small,  lightweight  Hess  than  one  pound) 
remote  surveillance  systems  and  high  speed  facsimile  (7  MHz  data 
rate)  are  applications  made  possible  by  recent  performance  im- 
provements made  in  CCD  long  line  sensor  arrays.  Other  new 
features  recently  added  to  versions  of  the  long  line  arrays,  i.e., 
electrical  input  registers,  low  noise  floating  gate  amplifiers  and 
electronic  exposure  controls  are  expected  to  expand  their  appli- 
cations to  a scope  limited  only  by  the  creativity  of  the  system 
designer  The  future  expansion  of  the  multi  row  sensor  to  larger 
sized  configurations  with  smaller  sized  photosensor  cells  is  ex- 
pected to  increase  its  suitability  to  newer  diverse  line  imaging 
applications. 
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ABSTRACT 

CCD  basic  building  blocks  provide  a flexible  approach  to  analog  signal  processing  in 
systems.  The  Serial  In/Serial  Out  (SI/SO)  block  provides  time-base  translation  through 
electrically  alterable  time  delay  and  recursive,  programmable,  filter-banks  may  be 

realized  with  the  addition  of  PROM's  or  EAROM's  (adaptive  programming)  to  determine  filter  ' 

center  frequency,  bandwidth,  and  gain.  The  Parallel  In/Serial  Out  (PI/SO)  block  may  be 

used  for  time-division-multiplexing  (TDM)  of  signals  from  a number  of  parallel  channels 

into  a serial  data  stream;  and  through  the  "delay  and  add"  mode  of  operation,  the  PI/SO 

block  permits  sensor  array  beam  forming  and  steering  as  well  as  convolution.  The  Serial 

In/Parallel  Out  (SI/PO)  block  provides  variable  tapped  delay  lines  and  transversal  filters/ 

correlators.  Electrically  reprogrammable  analog  weights  combined  with  these  building 

blocks  offer  adaptive  filtering  for  comnunications.  Combinations  of  the  above  linear  or 

one-dimension  blocks  may  be  employed  for  Fourier  transforming,  filter  banks  ’nd  multiple 

correlators.  Applications  of  CCD's  are  discussed  for  Radar,  Sonar  and  Communication 

Systems. 

1.0  Introduction 

A simplification  of  the  charge-coupled  position  and  zero  reference  is  sampled  in 

(CCD)  analog  shift  register  is  shown  in  the  down  position.  V demonstrates  the 

Figure  1.  The  timing  is  arranged  so  the  appearance  of  the  delay  line  output  voltage 

switch  toggling  frequency  Is  one  half  of  with  the  alternate  data  and  zero  reference 

the  four-phase  clock  frequency.  Thus,  the  outputs  confined  to  3/8T.  S~  demonstrates 

input  sampling  switch,  S,,  alternately  the  output  processing  functions:  the  data 

samples  data  and  zero  reference. LAt  the  Is  sampled  in  the  up  position,  the  zero  is 

output,  switch  S-  clamps  during  zero  ref-  clamped  in  the  down  position,  and  the 

erence,  samples  during  data,  and  holds  data  is  held  when  it  is  not  sampled  (center), 

when  it  Is  not  actually  sampling.  The  The  Interval  from  data  sample  to  data 

output  holding  capacitor,  therefore,  con-  sample  is  T and  the  total  transport  .time  is 

tains  only  the  "time-stretched"  data  .NT  where  N is  the  number  of  CCD  analog 

samples.  In  a shift  register  having  N delay  line  data  stages.  Thus,  the  signal 

pairs  of  stages,  there  will  be  N signal  delay  for  a serial  in/serial  out  (SI/SO) 

samples  and  N zero  reference  samples,  each  CCD  analog  shift  register  is. 


of  duration  T/2 


which  illustrates  the  electrically  alter 
able  delay  feature  of  the  CCD  delay  line 
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Since  the  Shannon  Sampling  Theorem  requires 
the  analog  signal  to  be  sampled  at  least 
twice  during  its  period  we  may  write. 


O^ix.Z).  Z*1[«Q#(x,Z|  + (l-<K>a(x-l.Z)]  (S) 


fs  < 1/2T  = fs(max)  (2) 

and  the  time-delay  signal  bandwidth  product 
becomes , 

tfs  < N/2  (3) 

The  low  frequency  limit  is  set  by  the 
thermal  leakage  current  which  accumulates 
in  each  stage,  and  the  upper  frequency 
limit  is  determined  by  input  injection 
limitations  and  transfer  efficiency. 

Figure  3 illustrates  a cross-section  of  a 
four-phase  electrode  CCD  with  transfer  and 
storage  electrode  dimensions.  The  CCD  is 
fabricated  with  PMOS  silicon-gate  tech- 
nology and  the  insulator  is  a dual  di- 
electric comprised  of  silicon  nitride 
(Si3N«)  over  thermal  silicon  dioxide  (Si02). 
The^eiectrodes  are  fabricated  with  poly- 
crystalline silicon  and  aluminum,  to  give 
coplanar  but  overlapping  electrodes.  The 
overlapping  electrode  feature  provides  a 
"sealed"  CCD  surface  and  stable  operation 
over  temperature-bias  excursions. 

2.0  Signal  Transport  in  a CCD 
2 3 

The  CCD  delay  line  * provides  a unidirec- 
tional transfer  of  signal  charge  q (x,t) 
from  one  storage  cell  to  another  adjacent 
cell.  The  signal  charge  is  designated  in 
cell  x at  time  t,  where  x and  t assume 
Integer  values;  l.e.,  the  unit  of  distance 
is  the  cell-to-cell  separation  X (center- 
to-center),  and  the  unit  of  time°is  the 
stepping  Interval  T (clock  period). 

The  frequency  response  of  the  CCD  delay 
line  may  be  calculated  from  a discrete 
frequency  expression  for  the  signal  charge: 

«,Cx.*>  + (l-«)qs  (x-l.t-1)  .(4) 
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Figure  1. 


Charge  Coupled  (CCD)  Analog  Shift  Register 
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figure  J.  Cross-section  of  Four-Phase  CCD  Stage  Delay 


where  c is  the  transfer  inefficiency  per  , 
stage  delay  with  typical  values  of  e < 10 
for  f < 1 MHz.  Since  equation  (4)  is  a 
discrete  set  of  signal  values  in  the  time 
domain,  we  may  transform  the  signal  charge 
to  the  Z-domain: 


l 
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The  transfer  function  of  a N-stage  C( 
delay  line  becomes q 

V ,<Z>  * tmRFC;_['l-<  1N  Z'N 
H(Z1  ._?!!!_  5 “ 7~7» 

vto<z)  out  L1**2  J 


(6) 


and  the  substitution  of  Z = e^“  = eJ  s^  c 
into  equation  (6)  yields  the  amplitude 
and  phase  characteristics  shown  in  Figures 
4 and  5,  respectively,  for  various  values 
of  Ne.  The  signal  f requency,  f 0 . 5f  as 

restricted  by  the  Shannon  Sampling  Theorem; 
which  states  that  a band-limited  signal, f , 
may  be  reconstructed  from  samples  taken  at 
time  intervals  T = 1/f  . The  phase  devia- 
tion &0(f  ) is  the  departure  from  linear 
phase  shift.  The  insertion  loss  of  the  CCD 
delay  line  is  less  than  2 dB  at  the  Nyquist 
limit  (f  = 0.5  f ) if  N e < 0.10  and  the 
maximum  &hase  deviation  at  f = 0.25f  is 
less  than  3°. 

2.1  Frequency  Dispersion 

This  dispersion  can  be  viewed  in  the  fre- 
quency domain  as  a shift  in  the  filter 
response  frequency  with  the  maximum  shift 
at  one-half  the  clock  frequency. 


<t  2rrl  Zwf 

* l,  + -yy  Sin—*  - jll  - Co,  y*) 
c c 


(7) 


2.2  Amplitude  Dispersion 

The  signal  is  "dispersed"  or  spread-out  in 
time  as  a result  of  the  finite  transfer 
inefficiency  e and  the  number  of  cells,  N. 
The  dispersion  of  a single  data  sample  of 
unit  height  (i.e. , one  propagating  storage 
cell  through  the  delay  line)  may  be  deter- 
mined by  the  binominal  expansion  theorem: 


tU-«l  ♦ *)N  * Jj  (?)<l-«>N  t«‘ 


q,  (n,  t) 
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Figure  4.  Amplitude  attenuation  characteristics  as  a function 
of  fj/fc  for  various  values  of  He. 


Figure  S. 


Phase  Deviation  as  a function  of  f / f 
for  various  values  of  Nc. 


Figure  6 illustrates  the  effect  of  Ne  product0 
on  the  shape  of  a single  data  sample  of  unit 
height.  The  total  area  under  the  output 
waveforms  is  identical  to  the  area  under  a 
single  sample  at  e = 0.  The  peak  of  the 
signal  lags  by  one  clock  period  when  N 1/c 
and  dispersion  is  minimal  for  Ne  <_0.10. 


3.0 


CCD  Basic  Building  Blocks  for  Discrete 
Analog  Signal  Processing  (DASP) 


Any  signal  processing  system  that  involves 
the  linear  transformation  of  analog  signals 
such  as  correlation,  discrete  Fourier  trans- 
formation (DFT) , filter  banks,  matched  filters, 
multiplexing/demultiplexing,  array  scanning, 
orthogonal  scan  transformation,  time  base 
translation,  etc.,  can  be  realized  with  com- 
binations of  CCD  basic  building  blocks.  In 
discrete  analog  signal  processing  (DASP), 


191 


Figure  6.  Degredatlon  (Amplitude  D1spers1on)*of  * 
Single  Charge  Packet  as  a function  of  Nc. 


analog  data  samples  are  stored,  transferred, 
and  operated  upon  by  analog  means,  whereas 
in  conventional  digital  signal  processing 
(DSP),  digital  or  quantized  samples  are 
handled  with  binary  logic.  A major  advant- 
age of  DSP  is  retained  by  DASP,  namely  the 
precise  transport  delay,  particularly  in 
relation  to  coherent  signal  processing. 

The  dynamic  range  of  an  analog  bit  in  DASP 
may  be  thought  of  as  composed  of  6-dB 
equivalent  DSP  digital  bits.  Thus,  a 
typical  example  of  100  Stage  (N  = 100)  CCD 
delay  line  with  60-dB  dynamic  range  and 
transfer  inefficiencies  of  e ^ 10  * at 
l-to-2  MHz  clock  rates  will  have  an  overall 
signal  degradation  of  1 percent  (i.e.,  less 
than  0.1-dB  insertion  loss)  without  the 
need  of  A/D  conversion. 

One-dimensional  basic  building  blocks7 
(linear  arrays)  may  be  classified  according 
to  the  characteristic  information  flow 
patterns: 

(1)  Serial  In/Serial  out  (SI/SO) 

(2)  Parallel  in/Serial  out  (PI/SO) 

(3)  Serial  In/parallel  out  (SI/P0) 

These  fundamental  linear  arrays  may  be 
combined  to  form  area  arrays  (2-dimensional 
matrices)  with  increased  signal  processing 


capabilities.  Table  1 provides  a partial 
listing  of  applications  for  these  basic 
building  blocks. 
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3.1  Serial  In/Serial  Out  (SI/SO) 


The  SI/SO  block  is  a simple  CCD  shift- 
register  with  the  characteristics  dis- 
cussed in  sections  1 and  2.  In  a linear 
array  configuration  the  SI/SO  block  pro- 
vides pure  analog  signal  delay  with  the 
ability  to  provide  time  base  translation. 
Typical  dynamic  range  for  present-day 
SI/SO  blocks  is  60-80dB  with  +1  percent 
linearity  and  clock  frequencies  from  lKHz- 
1.0MHz  for  a 64  analog  bit  delay  line. 

The  clock  requirement  may  vary  from  device 
to  device  with  voltages  varying  from  TTL 
to  MOS  compatible.  In  general,  MOS-type 
voltage  swings  are  needed  to  obtain  dynamic 
range  and  frequency  response.  The  capaci- 
tance loading  for  the  drivers  is  typically 
0.2pF/mil  pOf  active  bit  area;for  bit  areas 
of  1.5  min  we  have  0.3pF/ana1og  bit. 

Thus,  a 64  bit  delay  line  will  offer  a load- 
ing of  ;\-20pF/driver.  In  general,  CCD 
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structures  have  not  been  built  with  inter- 
face/buffer circuits  on  the  chip  because 
of  the  advanced  development  nature  of  the 
work;  however,  CCD  chips  can  be  fabricated 
with  MOS,  CMOS,  or  bipolar  interface 
circuits.  In  order  to  test  SI/SO  blocks 
without  on-chip  buffer  circuits,  a so-called 
"open  collector"  driver  may  be  employed. 

This  driver  is  relati«ely  inexpensive  and 
provides  clock  voltage  swings  of  30V  up  to 
2 MHz  clock  frequencies.  Clock  shaping 
may  be  accomplished  if  desired  by  the  use 
of  a series  resistor,  which  also  protects 
the  drivers  in  the  pull-down  transient.  A 
CCD  chip  should  have  protective  resistor/ 
diode  combinations,  similar  to  MOS-type 
circuits,  to  limit  the  displacement  current 
and  prevent  shorting  of  the  input  electrodes. 

For  analog  signal  processing,  as  discussed 
in  the  introduction,  a desirable  feature  is 
the  incorporation  of  an  a-c  zero  reference 
between  successive  signal  samples,  parti- 
cularly for  PI/SO  and  SI/PO  blocks.  In 
addition,  sample  and  hold  techniques  are 
required  for  analog  signal  reconstruction 
which  attenuates  the  response  with  a 

sin  'irf  /f  shape  factor.  The  input  to  a 


CCD  may  also  be  filtered  with  a sin  ir/atfc 

Tr/dtfc 

roll-off  where  At  is  the  sampling  window 
aperture.  The  output  after  sample  and  hold 
requires  filtering  with  a low-pass  filter 
with  ideal  "brick-wall"  cut-off  at  f /2, 
the  Nyquist  limit.  Figure  7 illustrates  an 
analog  output  swept  frequency  response  of 
a CCD  SI/SO  block  with  sample/hold  and  a 
7-pole  Butterworth  filter  (-3dB  @ 750  KHz) 
to  filter  the  clock  and  limit  the  aliasing 
of  frequencies  higher  than  f /2.  Thus,  in 
a properly  designed  CCD  Analog  Delay  Line 
the  frequency  response  is  limited  by  the 
sample/hold  and  low-pass  filter  character- 
istics. 

A time  multiplexed  CCD  filter  bank*  which 
used  SI/SO  blocks  is  shown  in  the  block 
diagram  of  Figure  8.  The  Filter-Bank 
Characteristics  are  illustrated  in  Figure 
9 for  the  case  of  uniform  filter  spacing. 
Storage  and  sequencing  of  the  constants  is 
accomplished  digitally  using  programmable 
read  only  memories  (PROM)  or  electrically 
alterable  ROM’s  (EAROM’s).  Weighting  of 
the  analog  signals  by  the  filter  constants 


is  accomplished  by  means  of  multiplying 
digital-to-analog  converters.  The  serial 
output  data  is  multiplexed  onto  N lines  by 
the  output  sampler  which  stretches  each 
sample  to  a width,  T * NT.  Timing  cir- 
cuitry provides  the  CCD  clock  waveforms, 
the  PROM  addresses,  and  the  sampler  address. 
Applications  of  this  filter  bank  include 
Doppler  spectrum  processing  in  radar,  sonar 
and  communications  systems  with  advantage 
of  low  total  part  count  combined  with 
variable  filter  parameters. 


Figure  7.  Frequency  Response  of  Sampled 
Data  CCD  Analog  Delay  Line.  100  KHz/Div. 
Horizontal,  f = 2.0  MHz.  Transfer  in- 
efficiency E “f  =2.0  MHz)  = 2 x 10' J 
for  L = 12um  electrodes.  Sample/Hold  and 
Filter  Responses  are  included  in  the  over- 
all response. 

The  main  signal  processing  function  in  a 
moving  target  indicator  (MTI)  radar  is  the 
main  beam  clutter  (MBC)  canceller.  A 
three  pulse  canceller  using  CCD's  is  il- 
lustrated in  Figure  10.  Each  delay  line 
contains  a number  of  range  cells  (or  bins) 
adequate  for  the  required  resolution  and 
range  coverage.  Low  pulse  repetition  fre- 
quencies (PRF's)  with  interpulse  periods 
(IPP)  of  0.5  to  5 milliseconds  are  use  to 
provide  unambiguous  range  detection.  The 
delay  in  each  CCD  shift  register  for  a given 
range  cell  is  one  IPP.  In  MTI  radars  with 
more  than  500  to  1000  range  cells,  the  CCD 
shift  register  may  be  arranged  in  the 
serial-parallel-serial  (SPS)  configuration 
to  minimize  the  effects  of  charge  transfer 
inefficiency.  The  dual  sampling  scheme 
of  figures  1 and  2,  then  automatically 


193 


Figure  8.  Block  Diagram  of  N-channel  CCD  Filter  Bank1 
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Figure  9.  Uniform  Filter  Characteristics' 
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Figure  10.  CCD  Clutter  Canceller  for  a 
Moving  Target  Indicator  (MTI)  Radar 

eliminate  most  effects  of  leakage  current 
nonuniformities  since  both  "signal  with 
reference"  and  "reference  only"  samples 
follow  identical  paths. 

3.2  Parallel  In/Serial  Out  (PI/SO)8 


The  PI/SO  block  may  be  used  to  time  division 
multiplex  a number  of  low  data  rate  signal 
channels  into  a higher  date  rate  output 
channel.  The  variations  in  electrical  in- 
put may  be  minimized  with  the  use  of  a 
stabilized  charge  injection  circuit.  An 
N-channel  multiplexer  converts  N parallel 
input  channels  into  a single-channel  pulse 
amplitude  modulated  (PAM)  signal.  The  in- 
put signals  are  synchronously  sampled  and 
the  sampler  information  is  entered  into  a 
unique  spatial  and  temporal  position  in 
the  CCD  delay  line.  Applications  include 
the  multiplexing  of  many  sensor  input 
channels  (e.g.  electro-optical  sensors, 
acoustical  sensors)  into  a single  video 
output  channel.  Figure  11  illustrates  a 
photomicrograph  of  a PI/SO  CCD  chip  with 
stabilized  charge  injection  and  parallel 
injection  of  alternate  stage  delays  along 
the  CCD  delay  line  to  minimize  interchannel 
cross-talk  and  provide  for  the  injection 
of  an  a-c  reference  for  threshold  voltage 
cancellation.  Figure  12  illustrates  the 
response  of  a PI/SO  block  with  N = 20  and 
a simultaneous  unit  impulse  at  each  parallel 
input.  The  injection  of  a reference  and  a 
signal  and  reference  permits  subsequent 
subtraction  at  the  CCD  output  to  remove  in- 
put variations.  Voltage  variations .refer- 
enced to  the  input,  not  exceeding  lOOpV 
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Figure  11.  Photomicrograph  of  PI/SO  CCD 
Basic  Building  Block. 


Figure  12.  Impulse  Response  for  Uniform 
Weighting  Prior  to  Subtraction  of  Signal 
and  Reference  and  Reference  Inputs. 


have  been  obtained  to  remove  fixed  pattern 
noise  and  place  the  limitation  on  noise 
with  the  charge  injection  uncertainty 
associated  with  the  input  capacitance. 

The  PI/SO  block  may  also  be  operated  in  the 
time  delay  and  add  or  integrate  (TDI)  mode 
to  give  such  signal  processing  functions  as 
sonar  beam  forming  and  steering  or  convo- 
lution. Formation  of  sonar  or  any  acoustic 
beams  using  an  array  of  transducers  is  il- 
lustrated in  Figure  13. 


Transducer  "1"  is  first  to  receive  the 
signal  from  source  A which  is  suitably 
weighted  and  injected  into  the  "Beam  A" 
CCD,  where  it  is  delayed.  The  signal  next 
arrives  at  transducer  "2"  and  is  weighted 
accordingly.  When  it  is  injected  into 
"Beam  A"  CCD,  the  weighted  signal  from 
transducer  "2"  is  added  to  the  weighted 
signal  from  transducer  "1".  As  the  signal 
from  source  A arrives  at  each  transducer 
in  turn,  it  is  weighted,  injected  into  the 
"Beam  A"  CCD,  and  added  to  the  previously 
accumulated  signals  that  were  injected  and 
delayed  from  the  closer  transducers.  The 
output  charge  integrated  in  any  charge 
packet  during  transit  through  the  "Beam  A" 
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CCD  may  be  written 


Vk  (t-kT)-Wk.Ck 
,TH 


(10) 


where  Wk  = k weighting  coefficient,  Ck  = 
k|[]  inpDt  capacitance,  V.  ( t)  = signal  fPom 
km  transducer,  T = CCD  clock  time. 

[Note:  A cormion  signal  source  applied  to 
all  weighting  resistors,  i.e.,  V.(t)  s V(t) 
for  all  k,  gives  a convolution  of  the  signal 
V(t)  with  an  impulse  response  function  de- 
termined by  the  quantities  (W,  -C.).]  Al- 
though the  use  of  the  PI/SO  btockKin  the 
TDI  mode  typically  involves  a progressively 
larger  charge  packet  as  the  packet  propa- 
gates from  the  initial  input  to  the  final 
output,  such  an  approach  has  some  advantages 
over  the  use  of  the  SI/PO  block  for  the 
same  functions:  ease  of  fabrication  and 
yield,  interface  simplicity,  and  lower  power 
dissipation. 


3.3  Serial  In/Parallel  Out  (SI/PO) 

The  SI/PO  block  features  INDEPENDENT  nondestruc 
tive,  low-impedance  voltage  readouts  of  the 
analog  signals  at  specified  locations  or  taps 
corresponding  to  various  delays  through  the 
CCD  shift  register.  In  general,  the  signal 
voltage  at  each  tap  may  be  multipl icatively 
weighted  by  conductance  to  give  a current 
proportional  to  the  PRODUCT  of  the  signal 
voltage  by  the  weighting  conductance.  Summa- 
tion of  the  product  currents  provides  such 
functions  as  transversal  filtering,  correla- 
tion, or  sampled  data  smoothing/interpolation 
for  line  arrays.  Two  dimensional  weighting 
matrices  driven  by  the  independent  low- im- 
pedance taps  of  the  SI/PO  block  can  give 
discrete  Fourier  transformers,  filter  banks, 
or  multiple  cross  correlators.  Figure  14 
illustrates  a photomicrograph  of  a SI/PO 
block  (N  = 20  outputs)  which  uses  a floating 
clock  electrode  sensor  at  alternate  stage 
delays  along  the  CCD  delay  line.  This  per- 
mits the  use  of  a "reference-only"  and 
"signal  and  reference"  to  compensate  for 
nonuniformities  in  the  SI/PO  structure. 

Figure  15  shows  the  tapped  output  signal 
from  the  SI/PO  block.  Numerous  taps  with 
multiplicative  analog  weighting  can  be 
accomodated  without  signal  amplitude  deg- 
radation due  to  stray  parasitic  capacitance, 
by  paralleling  SI/PO  blocks  of  feasible 
size  due  to  the  summation  of  product  currents. 
Furthermore,  the  independent  nondestructive 


voltage  taps  of  the  SI/PO  block  can  provide 
the  analog  voltage  signals  needed  by  molti- 
pliersgto  give  CCD  real-time  analog  correl- 
ation. Use  of  programmable  conductances 
such  as  the  nonvolatile  MNOS  type'  or  con- 
ventional MOS  type  permit  such  device  appli- 
cations as  adaptive  transversal  line  equal- 
izer or  programmable  matched  filter  (or 
correlation  detector)  for  secure  voice/data 
communications  systems 


Figure  14.  Photomicrograph  of  SI/PO 
CCD  Basic  Building  Block 

4.0  Conclusions 


Many  signal  processing  systems  which  involve 
the  linear  transformation  of  analog  signals, 
such  as  matched  filters  or  multiplexing/ 
demultiplexing,  can  be  realized  with  a 
finite  number  of  CCD  basic  building  blocks. 
To  impact  future  electronic  systems,  the 
CCD  basic  building  blocks  should  be  flexible 
in  the  sense  that  systems  design  engineers 
can  use  them  in  a variety  of  applications. 
Thus  independent  unweighted  taps  keep  the 
active  device  relatively  simple  yet  require 
the  use  of  external  resistors  and  output 
buffer/reconstruction  circuitry  for  trans- 
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Figure  15.  Floating  Clock  Electrode  Sensor 
for  SI/PO  Block 

form  operations.  But  the  main  advantage  is 
that  a single  device  design  may  be  used  to 
satisfy  many  applications  requirements.  In 
systems  where  the  external  resistors  are  too 
clumsy,  but  tap  weight  adjustment  is  desired, 
electrically  alterable  tap  weights  are 
appropriate.  This  is  clearly  the  most 
powerful  method  of  tap  weighting,  which  can 
lead  to  real-time  analog  correlators  and/or 
adaptive  filtering  as  well  as  tap  error 
compensation.  Devices  having  electrically 
alterable  taps  are  substantially  more  com- 
plicated than  fixed  tap  or  unweighted  devices 
but  can  be  used  as  universal  filter/correl- 
ator  building  blocks.  Such  universal  blocks 
can  benefit  from  the  economics  of  high  volume 
production  and  find  diverse  applications 
ranging  from  one-of-a-kind  R and  D to  pro- 
duction systems. 
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ABSTRACT  — Recent  discussions  have  highlighted  some  of  the  computational  potential  of 
CCD  implementations  in  the  digital  domain,  and  some  note  has  been  taken  of  the  possibility 
of  applying  this  potential  to  a few  specific  situations.'1)  This  paper  explores  the  concept 
and  application  of  a digital  CCD  arithmetic  unit  consisting  of  an  arithmetic  chip  which  is 
electronically  reprogrammable  to  allow  the  chip  to  perform  a variety  of  functions.  The 
arithmetic  chip  contains  four  multipliers,  three  adder/ subtractors,  and  a variety  of 
selectable  delays  and  signal  routing  paths.  In  discussing  the  configuration  of  this  chip, 
the  importance  of  technology  items  such  as  yield  and  general  producibility  as  well  as 
practical  items  such  as  pin  count  and  package  size  is  considered.  The  use  of  this  arith- 
metic unit  in  any  system  is  totally  dependent  on  the  proper  interfacing.  As  part  of  this 
concern,  the  proper  timing  of  input  signals  (such  as  data  and  multiplier  coefficients)  and 
output  signals  is  treated,  and  it  is  shown  that  the  internal  chip  timing  requirements  can 
generally  be  made  compatible  with  anticipated  system  usage.  A detailed  discussion  is 
given  of  the  arithmetic  unit  configuration  needed  to  realize  a single-pole  recursive  filter, 
a nonrecursive  digital  filter,  a single  zero  digital  filter,  and  two  filter  sections  useful  for 
voice  processing  systems.  This  work  has  been  supported  in  part  by  the  Naval  Research 
Laboratory,  Naval  Electronics  System' Command,  Contract  No.  NOOO-  14-74-C-0068. 


INTRODUCTION 

The  use  of  charge  coupled  devices  in 
the  digital  domain  has  been  receiving 
increased  attention.  The  digital  char- 
acteristics of  high  noise  immunity  and 
independence  from  individual  device  par- 
ameters and  parameter  variations  in 


CCD  features.  The  final  section  illus- 
trates the  wide  range  of  capabilities  of 
this  arithmetic  unit  chip  by  discussing  in 
some  detail  several  of  the  functional  forms 
the  chip  can  assume. 

SOME  FUNDAMENTAL 
CONSIDERATIONS 


Before  discussing  any  particular  CCD 
chip  configuration,  it  is  worthwhile  to  re- 
flect on  some  of  the  basic  limitations  and 
constraints  that  appear  to  exist  with  today's 
technology.  First,  CCD's  operate  not  as 
wideband  amplifiers  like  conventional  MOS 
or  bipolar  circuits  but  on  a charge  transfer 
principle.  To  form  a digital  adder,  sev- 
eral charge  transfers  must  occur  before 
the  carry  from  the  least  significant  bit  is 
available  as  an  input  to  the  next  most  signi- 
ficant bit.  In  a 16-bit  adder,  for  example, 
this  operation  must  be  repeated  16  times. 

To  compensate  for  this,  pipelining  is  used 
to  provide  an  acceptable  speed  of  operation. 


combination  with  the  high  density  imple- 
mentation capabilities  of  CCD's  make  an 
attractive  concept. 

In  this  paper  we  first  discuss  a few  of 
the  basic  constraints  that  are  important  in 
any  realistic  attempt  to  employ  this  con- 
cept. Next,  we  give  a brief  review  of  the 
makeup  of  a reprogrammable  arithmetic 
unit  chip  that  is  capable  of  being  electroni- 
cally reconfigured  so  as  to  perform  a num- 
ber of  useful  functions.  The  following 
section  describes  the  nontrivial  considera- 
tions associated  with  properly  programming 
such  an  arithmetic  unit  and  shows  how 
maximum  use  can  be  made  of  the  inherent 


The  addends  are  stored  in  parallel  shift 
registers  with  the  delay  increasing  from 
the  least  significant  bit  to  the  most  signifi- 
cant bit.  This  allows  additions  to  be  per- 
formed at  a rate  determined  by  the  delay 
through  1 bit  of  addition  rather  than  the 
delay  through  the  total  of  16  bits. 

The  need  to  operate  CCD  arithmetic 
circuits  in  a pipeline  fashion  to  attain  good 
speed  performance  imposes  a constraint 
on  the  functions  which  can  be  realized  with 
CCD  LSI.  Functions  which  inherently  are 
of  a streaming  nature  (e.  g.  , the  FFT)  are 
best  suited  to  the  pipeline  approach.  Pipe- 
lining also  implies  that  a number  of  shift 
register  stages  must  be  included  in  the 
implementation  of  arithmetic  functions  to 
equalize  the  delay  between  least  significant 
and  most  significant  bits.  Fortunately! 
shift  registers  are  one  of  the  most  efficient 
functions  in  terms  of  chip  real  estate  which 
can  be  implemented  with  CCD's. 

The  maximum  producible  size  of  an 
LSI  chip  presents  a fundamental  limitation 
to  the  CCD  configuration.  With  present 
technology,  a square  chip  150  mils  on  a 
side  would  be  considered  small  to  medium 
size,  while  a chip  300  mils  on  a side  is 
considered  large. 

One  of  the  most  important  constraints 
in  configurating  CCD  chips  is  the  limited 
number  of  package  pins  available.  The 
pin  limitation  constraint  is  acutely  felt 
when  partitioning  the  digital  functions  for 
implementation  with  CCD's.  Every  effort 
is  made  to  make  the  digital  function  or 
functions  complete  on  a single  chip.  If 
the  function  is  split  between  two  chips  so 
that  two  input  and  two  output  lines  are 
needed  with  16-bit  parallel  arithmetic,  all 
of  the  64  pins  available  with  standard  pack- 
ages would  be  used  for  interconnections 
with  none  left  for  power  and  ground  or 
control  signals.  One  solution  to  the  pin 
limitation  problem  is  to  time  multiplex  the 
input/output  signals  on  the  same  set  of 
pins.  The  chip  timing  must  be  carefully 
designed  from  an  overall  system  viewpoint 
to  assure  that  all  of  the  time  multiplexed 
signals  from  several  chips  appear  in  the 
correct  sequence. 

A REPROGRAMMABLE 
ARITHMETIC  UNIT 

By  incorporating  the  characteristic  of 
reprogrammability  in  an  arithmetic  unit. 


a large  number  of  useful  signal  processing 
functions  can  be  performed  with  a relative- 
ly small  number  of  computational  functions. 
This  is  particularly  true  when  it  is  pos- 
sible to  rearrange  the  interconnection  of 
these  few  functions  at  will.  One  such  situ- 
ation has  been  studied  recently  and  has 
resulted  in  a concept  for  a digital  CCD 
arithmetic  chip.  This  concept  allocates 
to  a single  chip  some  important  arithmetic 
functions  such  as  addition/  subtraction  and 
multiplication.  In  fact,  it  can  be  shown 
that,  by  including  three  such  adders/ sub- 
tractors, four  multipliers,  and  a few 
delay  stages  and  signal  routing  gates,  an 
impressive  list  of  signal  processing  func- 
tions can  be  performed. 

Figures  1 and  2 show  the  interconnec- 
tion of  these  functions  and  the  proposed 
layout  for  such  an  arithmetic  unit.  Note 
that  the  chip  combines  the  multipliers  and 
adders  with  the  necessary  control  gates, 
inverters,  and  delays.  The  estimated 
overall  chip  dimensions  are  350  x 300 
mils.  The  total  active  area  of  the  chip  is 
considerably  less,  and  it  is  probable  that 
this  design  could  be  produced  with  reason- 
able yield.  (This  size  estimate  is  based 
on  7.5  micron  photolithography,  two-level 
metal  interconnections,  and  a standard 
two-phase  overlapping  gate  CCD  design.  ) 
Table  1 lists  the  pin  usage  for  the  chip, 
and  shows  that  64  pins  are  required  for 
the  configuration  of  Figure  1.  The  details 
of  programming  the  arithmetic  unit  are 
discussed  next. 


Table  1.  Arithmetic  Unit  Pin  Usage 


Power  and  ground 

5 

Data  input 

16 

Multiplier 

16 

Output 

16 

Clock 

1 

Clock  inhibit 

1 

Sync  ( + 5) 

1 

Accumulator  clear 

2 

Control  functions  (e.g.,  FFT 
add  or  accumulate  filter  modes) 

6 

200 


f 


Figure  1.  Arithmetic  Functions 


Figure  2.  Arithmetic  Unit  Layout 

PROGRAMMING  CONSIDERATIONS 
FOR  THE  CCD  ARITHMETIC  UNIT 

The  utility  of  the  CCD  arithmetic  unit 
depends  on  our  ability  to  reconfigure  the 
chip  to  perform  various  functions  under 
program  control.  Compared  to  present 
microprocessors,  the  CCD  arithmetic  unit 
packs  five  to  ten  times  the  computational 
capability  in  a single  chip.  However,  due 
to  the  fixed  layout  and  the  input/ output 
(I/O)  limitations  imposed  by  packaging, 
the  CCD  arithmetic  unit  provides  less  pro- 
gramming flexibility  than  an  array  of 
microprocessor  chips  with  equal  computa- 
tional capacity. 


The  reconfiguration  of  the  CCD  arith- 
metic unit  is  accomplished  either  by  acti- 
vating on-chip  controls  or  by  adjusting  the 
inputs  so  that  only  the  desired  function  is 
realized.  With  reference  to  Figure  1,  the 
following  on-chip  functions  can  be  controlled 
by  external  binary  inputs: 

• The  two  adders  at  the  input  can  be 
independently  set  to  either  add  or 
subtract 

• A delay  can  be  inserted  following 
either  the  top  adder  or  the  top 
multiplier 

• The  output  adder  can  be  connected 
either  as  an  adder  or  as  an  accum- 
ulator 

• The  internal  feedback  path  from  the 
output  back  to  the  input  can  either 
be  connected  or  disabled. 

It  can  be  seen  from  Figure  1 that  the 
inputs  to  the  fined  adder/accumulator  are 
provided  by  the  outputs  of  two  multipliers. 
This  serves  to  cross-couple  the  outputs  of 
the  two  input  adder/ subtractors  which, 
after  multiplication,  are  summed  or  dif- 
ferenced, thus  completing  the  complex 
multiplication  required  in  the  FFT  kernel 
or  "butterfly11  computation.  When  the  CCD 
arithmetic  unit  is  used  for  computations 
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other  than  the  FFT,  the  cross-coupling  can 
be  disabled  by  making  the  multiplier  coef- 
ficient zero.  Since  there  are  four  multi- 
pliers, there  are  four  different  (useful) 
ways  of  making  the  interconnections  by 
means  of  disabling  unwanted  paths  with 
multiplier  coefficients  equal  to  zero. 

The  programming  of  the  CCD  arith- 
metic unit  is  strongly  influenced  by  the 
necessity  to  time-multiplex  the  input/ out- 
put data  on  the  limited  number  of  pins 
available  on  a standard  package.  The 
charge  transfer  nature  of  CCD  arithmetic 
using  multiphase  clocks  requires  2.5  clock 
intervals  for  a 1-bit  addition  or  subtraction 
and  five  clock  intervals  for  a 1-bit  multi- 
plication. It  is  convenient  to  arrange  the 
data  format  so  that  four  clock  intervals  are 
used  for  both  the  data  input/ output  and  the 
multiplier  coefficient  input,  with  the  fifth 
clock  interval  a "do  nothing"  state  which 
can  be  used  to  synchronize  the  CCD  arith- 
metic unit  with  a memory  or  other  exter- 
nal devices.  The  timing  sequences  for 
the  various  types  of  computations  are 
indicated  in  Table  2. 

Assuming  a 5 MHz  clock  rate,  1 psec 
is  required  for  the  five  clock  intervals  in 
the  data  format.  By  the  use  of  pipelining, 
operations  requiring  multiplication  can  be 
done  at  a 1 MHz  rate.  If  only  addition/ 
subtraction  is  required,  then  a 2 MHz 
throughput  can  be  attained. 

It  is  to  be  emphasized  that  these  rates 
are  achieved  only  with  pipeline  operation. 
The  total  delay  through  the  two  16-bit 
adder/ subtractors  and  the  16x16  multi- 
pliers in  the  signal  path  amounts  to  32  psec 
at  an  assumed  5 MHz  clock  rate.  This 
factor  of  32  represents  the  difference  be- 
tween pipeline  operation  and  a recursive 
operation  where  the  output  must  be  avail- 
able before  the  next  input  can  be  processed. 
For  this  reason,  computations  which  are 
inherently  of  a streaming  nature  (e.g. , the 
FFT,  correlation,  etc. ) are  particularly 
well  suited  to  the  operation  of  the  CCD 
arithmetic  unit. 

INTERLEAVING 

When  the  CCD  arithmetic  unit  is  set 
to  operate  as  a recursive  filter,  the  rela- 
tively long  propagation  delay  through  the 
arithmetic  functions  necessitates  the  re- 
duction of  the  sampling  rate  to  below  30 
kHz.  If  only  a single  filter  is  being  com- 


puted, the  arithmetic  unit  is  operating  very 
inefficiently  because  valid  inputs  appear 
only  in  one  of  the  32  1-p.sec  intervale  con- 
stituting the  delay  through  the  chip.  This 
situation  can  be  remedied  by  multiplexing 
the  inputs  so  that  inputs  from  parallel 
sources  can  be  interleaved  in  time.  The 
concept  is  illustrated  in  Figure  3 and  is 
basically  a conventional  time  division  ap- 
proach. The  delay  through  the  CCD  arith- 
metic unit  is  divided  into  32  1-p.sec  inter- 
vals. The  signal  from  the  first  source  is 
accepted  on  the  1st,  33rd,  65th,  ..., 
intervals.  The  signal  from  the  second 
source  is  accepted  on  the  2nd,  34th,  66th, 

. . . , intervals,  and  so  on.  In  this  way, 
signals  from  as  many  as  32  different 
sources  can  be  processed  simultaneously 
with  one  CCD  arithmetic  unit.  By  changing 
the  on-chip  controls  and  the  multiplier 
coefficients  in  synchronism  with  the  inputs, 
different  computations  (e.  g.  , single  zero 
filter,  double-pole  filter,  etc.  ) can  be 
performed  on  the  different  inputs. 


OUTPUT 
SIGNALS 
(IN  TIME 
SEQUENCE) 


Figure  3.  Time  Interleaving  of  Multiple 
Inputs  to  the  CCD  Arithmetic 
Unit 


Another  method  of  obtaining  the  full 
computational  potential  of  the  CCD  arith- 
metic unit  is  to  use  time  interleaving  to 
realize  a cascade  of  digital  filter  sections. 
This  is  a very  practical  procedure  be- 
cause complex  digital  filters  are  usually 
implemented  as  a cascade  of  first  and 
second  order  sections  in  order  to  minimize 
quantization  effects.  In  this  case,  it  is 
necessary  to  add  an  external  register  as 
indicated  in  Figure  4.  The  external  reg- 
ister provides  an  additional  1 psec  delay 
needed  to  apply  the  output  at  the  n1*1  time 
interval  to  the  input  at  the  (n+l)1^  interval. 
For  example,  assuming  the  computation  is 
running  continuously  and  the  first  section 
of  a digital  filter  is  computed  in  the  first  of 
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Figure  4.  Realization  of  Cascade 
by  Time  Interleaving 

32  time  intervals,  the  outputs  would  ap- 
pear at  the  1st,  33rd,  65th,  ....  intervals. 
The  one  interval  delay  provided  by  the 
external  register  allows  these  values  to  be 
applied  to  the  input  of  a second  filter  sec- 
tion.at  the  2nd,  34th,  66th,  intervals. 

Proceeding  in  this  way,  a cascade  digital 
filter  of  32  different  sections  can  be  com- 
puted with  a single  CCD  arithmetic  unit 
plus  a source  of  multiplier  coefficients 
and  control  levels  which  operates  in  sync 
with  the  arithmetic  unit. 

From  the  preceding  discussion  of  pro- 
cessing multiple  input  signals  either  from 
independent  sources  or  as  a cascade  oper- 
ation on  a single  signal,  it  is  obvious  that 
a mixture  of  the  two  types  of  operation  is 
possible.  For  example,  the  32  time  inter- 
vals could  be  used  to  compute  eight  4- 
section  filters,  four  8-section  filters,  or 
any  other  combination  of  sources  and  mul- 
tiple sections  provided  the  total  does  not 
exceed  the  32  time  intervals  available. 

All  that  is  required  is  that  the  timing  be 
carefully  controlled  and  synchronized  so 
that  each  operation  is  performed  periodi- 
cally in  its  assigned  time  interval. 

GENERAL  PURPOSE  PROGRAMS 

Before  proceeding  with  the  examples 
of  the  different  signal  processing  functions 
which  may  be  realized  with  the  CCD  arith- 
metic unit,  a few  comments  should  be 
made  about  operation  as  a general  purpose 
microprocessor.  The  primary  limitation 
is  the  relatively  long  (32  p.sec)  propagation 
delay  through  the  CCD  arithmetic  unit. 

This  means  that  programs  with  many 
branching  points  may  result  in  a long  exe- 
cution time.  As  with  the  special  purpose 
signal  processing  functions,  programs 
which  can  be  organized  to  operate  in  a 
pipeline  fashion  will  have  the  lowest  exe- 
cution time. 


The  powerful  computational  capability 
of  the  CCD  arithmetic  unit  should  not  be 
ignored  in  general  purpose  program  appli- 
cations. For  example,  the  parallel  adders 
at  the  input  allow  the  arithmetic  operations 
and  the  program  instructions  to  be  over- 
lapped in  time  so  that  the  arithmetic  result 
and  its  storage  location,  for  example, 
would  appear  essentially  simultaneously 
at  the  output.  The  adder/subtractor,  mul- 
tiplier, adder /accumulator  sequence  in 
the  chip  layout  allows  great  versatility  in 
computing  jump  instructions.  This  com- 
bination of  powerful  arithmetic  capability 
with  the  unfortunately  long  propagation 
delay  presents  a challenge  to  the  program- 
mer in  general  purpose  applications. 


EXAMPLES  OF  ARITHMETIC 
VNIT  US.AQE 

This  section  discusses  several  specific 
configurations  of  the  arithmetic  unit  chip. 

A block  diagram  is  shown  for  each  function 
desired,  and  this  is  then  compared  to  the 
functional  realization  as  achieved  by  repro- 
gramming the  arithmetic  chip.  The  re- 
quired signal  paths  and  multiplier  coeffi- 
cients are  shown  where  appropriate. 

SINGLE  ZERO 
RECURSIVE  FILTER 

The  arithmetic  chip  can  be  operated 
as  a single  zero  recursive  digital  filter. 
The  block  diagram  of  the  single  zero  re- 
cursive filter  and  the  corresponding  equa- 
tions are  shown  in  Figure  5a.  A control 
level  is  applied  to  the  chip  to  inhibit  the 
input  on  the  even  clock  periods  (i.  e. , T% 
and  T^).  As  shown  in  Table  2,  the  data 
input  is  accepted  during  Tj,  and  a zero 
value  is  inserted  during  T3.  At  the  multi- 
plier inputs,  the  sequence  is  K,  0,  1,  and 
0.  The  zero  serves  to  disable  the  unwant- 
ed paths  as  shown  in  Figure  5b.  The  1 
and  K multiplier  values  cause  the  two 
single  paths  to  be  combined  to  form  the 
desired  output. 

TWO  SINGLE -POLE 
RECURSIVE  FILTERS 

Operation  of  the  arithmetic  chip  as  a 
pair  of  single-pole  recursive  filters  is 
shown  in  Figure  6a.  The  organization  of 
the  chip  allows  two  independent  filters  to 
be  computed  simultaneously.  The  two 
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Table  2.  Arithmetic  Unit  Timing  Sequences 


. 


Clock  Period 

— Input 

Clock  Period  — Output 



Configuration 

1 

Hi 

T3 

T2 

T1 

T3 

T2 

T1 

FFT 

Data  input 

Y2 

X2 

Y1 

X2 

CTg+STj 

CTj-STj 

Yl  + Y2 

Xl  + X2 

Multiplier  input 

“ 

sin  6 

COS  0 

” 

<VXI'X2 

T2=YrY2> 

“ 

Single  zero  filter 

jggi 

m 

■ 

Data  input 

■ 

li 

X. 

in 

I 

- 

- 

Yout 

Multiplier  input 

l 

• 

B 

K 

1/  SB 

- 

- 

- 

Two  single-pole 
filters 

■ 

■ 

Data  input 

■fl 

Uin 

B 

Xin 

- 

Vout 

- 

Y , 
out 

Multiplier  input 

i 

K2 

ii 

K1 

- 

- 

- 

- 

Single-pole  filter 
with  scaled  output 

H 

Data  input 

K . 
scale 

I 

0 

X. 

in 

- 

K , Y 
scale  ouf 

- 

Yout 

Multiplier  input 

K , 
scale 

0 

Ki 

- 

- 

- 

- 

Two- pole  reson- 
ator 

m 

Data  input 

- 

- 

Xin 

- 

Y , 
out 

- 

K.cale 

Multiplier  input 

K 

scale 

Ki 

u 

K2 

- 

- 

- 

Y 

out 

Itakura  analyzer 

m 

Data  input 

- 

Bn-1 

1 

A « 
P-  l 

- 

B 

n 

- 

A 

n 

Multiplier  input 

i 

K 

K 

1 

- 

- 

- 

- 

Itakura  synthesizer 
(First  pass) 

Data  input 

- 

B 

m 

- 

^m  + 1 

- 

S2 

si 

Multiplier  input 

1 

K 

0 

1 

- 

- 

- 

- 

(Second  pass) 

Data  input 

- 

S2 

- 

S1 

- 

Bm+  1 

- 

A 

m 

Multiplier  input 

1 

0 

K 

1 

- 

- 

- 
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Figure  5.  Data  Inputs  to  the  CCD 
Arithmetic  Unit 


HOCK  DIAGRAM 


Figure  6.  Use  of  CCD  Arithmetic  Unit 
as  Parallel  Single-Pole 
Recursive  Filters 


inputs  are  applied  on  the  first  and  third 
clock  pulse  intervals.  A control  level 
disables  the  inputs  during  the  even  inter- 
vals when  the  outputs  are  fed  back  inter- 
nally to  the  adder  inputs.  The  multiplier 
inputs  K1  and  K2  adjust  the  time  constants 
of  the  two  filters.  Zeros  are  provided  to 
disable  the  unwanted  paths.  The  delay 
required  for  the  recursive  filter  is  pro- 
vided by  the  propagation  through  the  mul- 
tiplier. The  subtraction  of  the  output 
from  the  input  is  performed  twice  by  the 
input  adder.  After  the  first  subtraction, 
the  difference  is  applied  to  the  multiplier 
where  it  is  multiplied  by  the  filter  coeffi- 
cient. After  the  second  subtraction,  the 
difference  is  delayed  one  clock  period  as 
shown  in  Figure  6b. 

SINGLE- POLE  FILTER 
WITH  SCALED  OUTPUT 

For  complex  recursive  digital  filters, 
it  is  often  desired  to  provide  a weighting 
or  scale  factor  between  adjacent  stages. 

The  arithmetic  chips  can  be  used  to  pro- 
vide a single-pole  recursive  filter  with  a 
scaled  output.  In  this  configuration,  it  is 
very  similar  to  the  one  previously  described 
for  the  two  multiplexed  single-pole  filters 
with  the  exception  that,  in  this  case,  the 
scaling  operation  is  substituted  for  the 
second  filtering  operation.  The  operation 
may  be  described  with  the  aid  of  Figure  7. 
The  top  half  of  Figure  7 is  identical  to 
Figure  6a  and  represents  a single -pole  re- 
cursive digital  filter.  To  obtain  a scaled 
output,  the  same  values  that  were  applied 
to  the  top  adder  are  also  applied  to  the  bot- 
tom adder.  In  this  case,  the  difference 
formed  by  the  adder  is  multiplied  by  the 
scale  factor  Kscale  and  is  supplied  as  an 
output. 

LATTICE  FILTER  - THE  ITAKURA 
ANALYZER  SECTION 

Linear  predictive  coding  (LPC)  is  a 
bandwidth  reduction  method  used  for  se- 
cure voice  systems.  The  linear  predictive 
coder  reduces  the  data  rate  from  a nom- 
inal input  rate  of  60  kilobits  to  an  output 
rate  of  less  than  5 kilobits.  The  Itakura 
procedure  is  a streaming  approach  to 
implement  the  linear  predictive  coder  with 
recursive  digital  filters.  The  lattice  filter 
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Figure  7.  Single-Pole  Recursive  Filter 
with  Scaled  Output 

used  in  the  Itakura  analyzer  is  shown  in 
Figure  8a.  Inputs  to  the  CCD  arithmetic 
chip  are  provided  during  the  first  and  third 
clock  pulses.  These  correspond  to  the  A 
and  B input  in  Figure  8a.  The  multiplier 
inputs  are  unity  or  K,  where  K is  the 
PARCOR(2)  coefficient.  In  Figure  8b,  it  is 
seen  that  the  two  outputs,  A and  B,  are 
obtained  by  combining  the  direct  (multi- 
plied by  unity)  and  the  weighted  (multi- 
plied by  K)  values.  Operation  of  the 
arithmetic  chip  in  the  Itakura  analyzer 
section  is  particularly  straightforward  due 
to  the  similarity  between  the  complex 
rotation  used  in  the  FFT  and  the  structure 
of  the  lattice  filter. 

THE  ITAKURA  SYNTHESIZER 
SECTION 

The  synthesizer  section  for  the  Itakura 
linear  predictive  coder  employs  a lattice 
filter  as  shown  in  Figure  9a.  This  filter 
is  somewhat  more  difficult  to  realize  with 


Figure  8.  Use  of  CCD  Arithmetic  Unit 
as  Lattice  Filter  (Analyzer) 
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EQUIVALENT  BLOCK  DIAGRAM 


TWO  PASSES  THROUGH  ARITHMETIC  CHIP  REQUIRED 


SECOND  PASS 


Figure  9.  Use  of  CCD  Arithmetic  Unit 

as  Lattice  Filter  (Synthesizer) 


the  arithmetic  chip  because  two  multiplica- 
tions are  required  in  order  to  obtain  the 
output.  To  accomplish  this,  the  lattice 
filter  operation  is  split  into  two  segments, 
and  two  passes  through  the  arithmetic  chip 
are  required.  Alternatively,  two  chips 
can  be  used  — one  chip  for  the  first  pass 
and  the  second  chip  for  the  second  pass. 
Referring  to  Figure  9b,  on  the  first  pass, 
the  two  inputs  Am  + j and  Bm  are  applied  to 
the  input  adder.  Am  + j is  multiplied  by 
unity,  and  B is  multiplied  by  K.  The  two 
are  added  in  the  top  output  adder.  B^  also 
appears  at  the  output  adder  after  having 
been  multiplied  by  unity.  In  the  second 
pass  through  the  arithmetic  chip,  the 
order  of  the  multipliers  is  changed  so  that 
the  top  input  passes  through  the  multiplier, 
after  having  been  multiplied  by  unity,  and 
appears  at  the  output  as  Am.  The  lower 
input  is  combined  with  the  upper  input 
multiplied  by  K and  appears  at  the  lower 
adder  output  as  Bm  + j. 

NONRECURSIVE  DIGITAL  FILTER 

As  a final  example,  consider  the  use 
of  the  arithmetic  unit  in  conjunction  with  a 
correlator  chip,  which  we  described  in  a 
previous  paper.'1*  To  use  these  two 
chips  together,  it  is  necessary  to  con- 
sider the  techniques  that  allow  achieving, 
say,  8-bit  accuracy.  To  achieve  8-bit 
coefficient  accuracy,  the  signal,  s,  and 
the  reference,  r,  consisting  of  8-bit  words, 
are  partitioned  into  4- bit  segments 

s = a + b 

r = c + d 

with  a and  c the  4 most  significant  bits 
(i.  e. , > 16)  and  b and  d the  4 least  signifi- 
cant bits  (i.  e.  , < 16).  The  multiplication 
s • r becomes 

s . r = (a+b)(c  + d) 

= ac  + be  + ad  + bd 

Thus,  four  CCD  digital  correlator  chips 
would  be  used  to  form  the  product  compris- 
ing a 32- sample  signal  segment.  In  addi- 
tion, three  arithmetic  unit  chips  would  be 
needed  to  sum  the  four  products.  Nonre- 
cursive filters  with  lengths  equal  to  multi- 
ples of  32  can  be  formed  by  cascading  32- 
sample  sections  in  a manner  similar  to 
that  shown  in  Figure  10. 
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Figure  10.  Nonrecursive  Digital  Filter  — 
8-Bit  Quantization 


CONCLUSIONS 

The  advantages  of  digital  signal 
processing  for  most  applications  are  well 
known  and  relate  to  greater  accuracy, 
flexibility,  and  environmental  reliability. 
However,  the  growth  of  digital  signal 
processing  has  to  date  been  hampered  by 
cost  and  power  limitations  even  with  the 
use  of  LSI.  The  advent  of  CCD  digital 
processing  techniques,  as  discussed  in 
this  paper,  has  the  potential  for  greatly 
alleviating  these  problems  and  thereby 
allowing  more  effective  digital  signal  pro- 
cessing hardware  implementations  to  be 
achieved  in  the  future.  CCD  allows  high 
density,  low  power  LSI  operation  in  a full 
pipelined  signal  processing  architecture. 
Circuit  techniques  are  now  under  develop- 
ment towards  this  objective. 
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ABSTRACT  A prototype  camera  and  signal  processing  unit  has  been  built  using  three  iden- 
tical 100  x 100  interline  transfer  CCD  arrays.  Each  CCD  organization  is  in  a SPS  (series, 
parallel,  series)  format.  A unique  electrical  interface  allows  the  output  to  be  compatible 
with  standard  EIA  RS170  format  monitors  and  recorders  operating  at  30  television  frames 
per  second.  The  system  operation  features  both  frame-to-frame  subtraction  and  long-term 
recirculation  of  stored  data.  Details  of  implementation  are  presented  along  with  suggested 
areas  of  application,  particularly  as  a moving  target  indicator. 


INTRODUCTION 

Efficient  analog  signal  processing  in 
charge  coupled  devices  is  predicated  upon 
the  existence  of  compatible  CCDs  with 
electrical  input  capabilities  for  temporary 
storage  and  delay  of  the  live  signal.  The 
number  and  variety  of  commercially  avail- 
able CCDs,  especially  those  with  electrical 
input  capabilities,  are  still  quite  limited. 
Exclusion  of  those  CCDs  intended  for  digital 
applications  further  limits  the  number  of 
devices  available.  This  paper  presents 
design  experience  with  one  commercially 
available  device  which  is  useful  for  both 
imaging  and  analog  signal  processing: 
Fairchild's  CCD201.  The  use  of  interline 
transfer  devices,  such  as  the  201,  necessi- 
tates special  signal  handling  techniques. 

CCD  ORGANIZATION  AND  STRUCTURE 

The  CCD201  is  a 2-phase,  10,000-element 
self-scanning  image  sensor,  using  burled 
channels  with  ion-implanted  barriers.  The 
active  light  sensitive  portion  of  each 
element  is  1.2  mils  horizontal  by  0.8  mils 
vertical.  To  allow  for  Interline  analog 
shift  registers,  the  elements  are  center 
spaced  at  1.2  mils  vertical  by  1.6  mils 
horizontal.  Thus,  50  percent  of  the  chip 
area  is  photosensitive  and  a 4 X 3 image 
aspect  ratio  is  provided.  One-hundred 
columns  of  2-phase  vertical  analog  shift 
registers  are  inter-digitated  in  the  photo- 


sensor array.  A 102-element,  2-phase  hori- 
zontal analog  shift  register  permits  clock- 
ing of  successive  horizontal  lines  to  an 
output  detector/preamplif ler  which  is 
balanced  with  a compensation  output  ampli- 
fier. 

Additionally,  the  CCD201  includes  a 100- 
element,  2-phase  analog  input  shift  register 
which,  when  properly  clocked,  will  accept 
electrical  signals  through  an  input  diode 
on  the  device.  The  actual  input  function 
involves  applying  a signal -modulated  DC 
level  to  the  input  diode  and  gating  the 
signal  in  by  clocking  the  input  gate  at 
the  proper  time  within  the  horizontal  cycle. 
A 2-phase  horizontal  input  clock  is  incor- 
porated to  shift  charge  through  the  register. 
The  Input  register  includes  an  output 
drain  to  prevent  charge  build-up  in  case 
of  overclocking. 

FULL  FRAME  MOVING  TARGET  INDICATOR  (MTI) 
SYSTEM 

Figure  1 shows  the  functional  blocks  of 
a full-frame  MTI  system  using  an  inter- 
line transfer  CCD  imager  and  two  matching 
CCD  analog  shift  registers.  Generalizing 
from  the  specific  case  of  the  100  x 100 
array  discussed  earlier,  the  CCD  array  is 
assumed  to  be  composed  of  "N"  rows  by  "M" 
columns  of  photosensitive  cells.  Read- 
out, in  the  usual  interline  transfer 
manner,  is  accomplished  by  shifting 


CEoiVg.  < 


1 


k 


. 


MO.  1 


Figure  1.  CCD  MTI  Block  Diagram 

alternate  rows  of  photosite  charge  accu- 
mulations Into  the  adjacent  vertical  shift- 
registers.  Discrete  charges  are  then 
clocked  through  the  shift  register  array 
to  the  output.  This  inter-digitated  for- 
mat, necessary  to  give  the  camera  its  inter- 
lace feature,  reduces  the  effective  size 
of  the  shift  register  array  to  N/2  x M. 
Although  this  is  generally  of  little 
importance  in  imaging  systems,  it  directly 
impacts  the  scheme  for  using  identical 
interline  CCDs  as  shift  registers.  The 
effective  storage  capability  has  been 
reduced  by  50  percent  from  that  of  the 
imager. 

The  CCD  clock  generator  section  of  Figure 
1 produces  horizontal  and  vertical  clock 
signals  for  the  CCD.  In  addition,  TV 
sync  pulses  and  a signal  referred  to  as 
"field  number,"  which  changes  states 
on  alternate  fields,  are  generated. 

The  system  operation  proceeds  by  initially 
assuming  both  shift-registers  (S/R)  are 
empty  and  the  field  number  is  such  that 
information  in  field  #1  is  being  read 
out  of  the  camera.  Switches  Sl-A  and 
Sl-B  are  connected  to  S/R  #1  so  that 
camera  video  is  input  to  this  device . At 
the  end  of  field  #1,  the  information 
stored  in  S/R  #1  is  identical,  on  a cell- 
by-cell  basis,  with  that  transferred  out 
of  the  imager's  shift-register.  Once 
the  field  transfer  has  finished,  the  field 
number  signal  changes  state,  causing 
Sl-A  and  Sl-B  to  be  connected  to  S/R  #2. 

This  second  memory  is  now  loaded  with  field 
#2  information.  It  is  important  to  realize 
that  the  information  stored  in  one  shift- 
register  remains  static  while  the  other  is 
being  loaded  and  read  out.  After  field 


#2  is  loaded  and  the  field  number  changes 
state  again,  field  #1  video  is  again  read 
out  from  the  camera.  Simultaneously,  S/R 
#1  video  is  read  out  and  the  "old"  and  "new" 
field  #1  video  is  subtracted  in  differen- 
tial amplifier  #1.  This  subtraction  occurs 
on  a cell-by-cell  basis  in  real  time  with 
the  "new"  field  #1  video. 

If  the  amount  of  charge  collected  on  any 
individual  pixel  of  the  Imaging  CCD  has 
changed  from  one  frame  to  the  next,  there 
will  be  an  output  from  differential  ampli- 
fier //I  when  the  cell  is  simultaneously 
clocked  out  of  the  two  devices.  Otherwise, 
the  amplifier  has  zero  output  throughout 
the  entire  field.  An  identical  subtraction 
function  is  performed  by  differential  ampli- 
fier #2  and  the  shift  register  #2  during 
the  alternate  field  of  video. 

If  Sl-C  is  alternately  switched  between  the 
two  amplifiers,  the  wiper  of  Sl-C  will 
contain  one  entire  frame  of  MTI  video, 
which  can  be  used  in  several  ways,  two  of 
which  are  shown  in  Figure  1.  With  single- 
pole, double-throw  switch  S-2  in  position 
B,  TV  sync  pulses  are  added  to  the  MTI  video 
for  display  on  a standard  television 
monitor.  Motion  in  any  portion  of  the 
scene  will  be  displayed,  while  all 
stationary  scene  components  will  cancel  on 
a cell-by-cell  basis  with  the  stored  field. 
Therefore,  not  only  the  presence  of  motion, 
but  the  location  of  the  motion  is  derived. 

The  second  (though  less  sophisticated) 
output  which  could  be  used  in  conjunction 
with,  or  in  place  of,  the  TV  system  is  also 
shown.  The  MTI  video  is  compared  to  a 
reference  voltage  and,  when  threshold  is 
exceeded,  a one-shot  multi-vibrator  is 
triggered  to  sound  an  audio  alarm  for  some 
time  period.  While  the  TV  compatible  mode 
limits  the  system  to  standard  30  frame/ 
second  comparison  times,  the  audio  alarm 
could  be  used  at  frame  rates  from  three 
to  three  hundred  frames  per  second, 
allowing  greater  system  versatility. 

The  modular  design  of  the  system  allows 
considerable  flexibility.  Use  of  only 
one  shift  register  and  one  differential 
amplifier  degrades  vertical  resolution 
by  50  percent.  For  some  applications 
where  resolution  is  of  secondary  impor- 
tance, this  may  be  a desirable  trade. 

Switch  S2  placed  in  position  A,  equivalent 
to  a removal  of  all  memory  functions, 
returns  the  system  to  a normal,  camera 


J 


210 


I 


only,  mode  capable  of  driving  a standard 
monitor.  The  system  In  this  configuration 
requires  less  than  20  square  inches  of 
breadboard  circuitry  for  operation  and 
easily  fits  in  a 2 x 3 x 5 Inch  package. 

This  approach  to  motion  detection  has 
several  advantages  over  others,  the  most 
Important  of  which  Is  exact  registration. 
Since  the  Imager  and  shift  registers  are 
operated  from  a common  clock,  there  is  no 
chance  of  Improper  timing  causing  Imper- 
fect subtraction.  Also,  this  Is  the 
only  feasible  method  of  obtaining  a true 
analog  delay  of  1/30  second.  The  alter- 
native would  be  a complex  and  costly 
pseudo-analog  approach  using  A/D  and  D/A 
converters  with  large  numbers  of  digital 
shift-registers.  Added  to  this  is  the 
inherent  low  power  and  small  volume 
characteristics  of  CCDs  and  the  low-light 
level  capability  of  CCD  imagers. 


FULL  FRAME  RECIRCULATING  MEMORY 

Figure  2 represents  the  basic  elements  of 
a full-frame  recirculating  memory  using 
the  same  interline  transfer  CCD  imager 
and  matching  CCD  analog  shift  resisters. 
Its  operation  is  related  to  the  state  of 
the  field  number  signal  from  the  clock 
generator  which,  again,  multiplexes  the 
two  CCDs  on  alternate  fields.  As  before, 
the  CCD  clock  generator  produces  all  clock 
signals  for  the  CCD  and  TV  sync  pulses. 


The  operation  of  the  system  begins  when  the 
UPDATE/STORE  switch  is  placed  in  the  UPDATE 
position.  This  allows  the  succeeding 
frames  of  video  to  be  loaded  into  S/R  #1 
on  the  first  field  and  S/R  #2  on  the  second 


field.  Since  the  CCD  clocks  are  also 
switched  on  alternate  fields,  via  contact 
Sl-C,  the  video  read  into  each  CCD  is 
stored  for  one  field  before  being  read  out. 
Multiplexing  of  these  outputs  through 
switch  Sl-B  provides  exactly  a one-frame 
delay  between  video  being  readout  of  the 
camera  and  that  being  displayed  on  the 
monitor. 

Continuous  recirculation  of  a given  frame 
of  data  is  initiated  by  returning  the 
UPDATE/STORE  switch  to  the  STORE  position. 

The  D flip-flop  signals  the  end  of  a 
complete  frame  of  video  stored  in  the  two 
CCDs.  Camera  video  is  then  disconnected 
from  the  shift  register  inputs  and  replaced 
with  the  output  of  the  refresh  circuitry. 

As  shown,  this  circuit  is  composed  of  a 
group  of  comparators  and  a summing  amplifier. 
The  comparator  thresholds  are  set  to 
quantize  analog  outputs  into  several  (five 
in  this  case)  levels.  For  example,  if 
the  thresholds  are  set  at  1,  2,  3,  and  U 
volts  and  the  fixed  offset  into  the  summing 
amp  is  set  at  0.5  volt,  then  the  transfer 
function  of  the  refresh  circuitry  would  be 
as  shown  in  Figure  3.' 


Refresh  Circuitry 

The  requirement  for  the  refresh  circuitry 
is  a result  of  the  finite  transfer  efficiency 
of  the  CCD  as  well  as  noise  considerations. 

As  an  example,  Fairchild's  100  x 100  element 
CCD201  with  a transfer  efficiency  of  0.9995 
will  displace  50  percent  of  its  charge 
after  about  1380  shifts,  or  9.2  cycles 
through  the  device.  For  a 30  frame  per 
second  system,  this  corresponds  to  a hold 
time  of  less  than  1/3  second.  In  practice, 
dark  current  accumulation  in  the  CCD  and 
random  noise  associated  with  the  input  and 
output  mechanisms  further  degrade  the 
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signal.  Addition  of  the  refresh  circuitry 
to  the  feedback  loop  corrects  signal 
degradations  of  up  to  + 1/2  volt  (in  this 
example)  before  the  signal  is  fed  back  into 
the  CCD. 

By  routing  the  multiplexed  CCD  outputs 
to  the  summing  amplifier  and/hence,  the 
monitor,  an  image  having  perfect  regis- 
tration and  five  quantized  grey  shades  can 
be  continuously  displayed.  Obviously, 
there  is  a limit  to  the  number  of  compara- 
tors that  can  be  used  effectively.  Each 
quantized  bin  must  be  sufficiently  wide 
to  correct  for  degradations  due  to  trans- 
fer inefficiencies  and  noise  variations. 

A thermo-electric  cooler  to  lower  the 
operating  temperature  of  the  memory  CCD 
would  be  expected  to  provide  additional 
grey  shade  storage  capability. 

PROTOTYPE  OPERATION 

A modified  version  of  the  system  described 
in  the  previous  two  sections  was  built 
for  laboratory  tests  and  evaluation. 

The  principal  change  involved  using  only 
one  CCD  for  each  function.  Therefore, 
both  MT1  and  the  recirculating  memory 
functions  are  performed  on  a field,  rather 
than  a frame,  basis.  The  entire  system 
was  constructed  on  four  A x 6 inch  circuit 
boards  plus  a 2 x 3 x 5 inch  camera 
housing.  Three  Fairchild  CCD201  devices 
are  used. 

Figure  4 shows  the  logic  circuitry  in- 
corporated in  the  system.  Except  for  a 
few  modifications,  it  is  identical  to 
the  circuit  given  in  the  CCD201  data 
sheet.  An  oscillator  with  a frequency 
of  3.6  MHz  is  used  as  the  clock  for  U2 
and  U3,  which  form  the  horizontal  counting 
chain  by  dividing  the  oscillator  by  224. 
Since  the  1.8  MHz  horizontal  clock  djj  is 
derived  by  dividing  the  oscillator  by  2, 
U3's  carry  output  occurs  each  112  hori- 
zontal clock  pulses,  corresponding  to 
one  horizontal  line.  This  output  is 
7 dg  periods  wide  and  is  used  for  hori- 
zontal blanking.  The  remaining  105 
periods  are  used  to  clock  the  output 
register  of  the  CCD.  dR  is  active  during 
the  first  quarter  of  dg,  while  dg  occurs 
during  the  last  quarter. 

The  vertical  counting  chain  consists  of  U4 
and  U5.  With  single  pole,  double  throw 
switch  SI  in  position  A as  shown,  U8  and 
the  associated  3-input  AND  gate  are  not 


involved  in  the  active  circuitry  and  the 
vertical  clock  is  at  the  line  rate. 

Fifty-one  lines  are  counted  before  the 
load  command  at  Q2  of  U5  is  generated. 

This  command,  vertical  blanking  #1,  exists 
for  one  line.  U6  is  loaded  at  the  same 
time  as  the  vertical  counting  chain.  This 
interrupts  the  clock  to  U4  for  13  lines, 
forming  vertical  blanking  92.  Total  blank- 
ing period  is  the  sum  of  vertical  blanking 
91  and  92,  or  14  lines.  When  added  to  the 
51  active  lines,  a total  field  length  of 
65  lines  results. 

U7  is  a multiplexer  designed  to  produce  dp 
and  dy.  dp  goes  low  for  the  first  half  of 
vertical  blanking  #1  and  then  low  for  the 
whole  of  vertical  blanking  91  on  the  alter- 
nate field,  dy  is  basically  horizontal 
blanking  during  the  active  field  and  high 
or  low  during  vertical  blanking  on  alternate 
fields.  The  relationship  between  dp  and  dy 
on  the  negative  transition  of  dp  determines 
which  set  of  elements  of  the  sensor  is 
transferred  into  the  vertical  transport 
register. 

Since  each  horizontal  line  requires  112 
dg  cycles,  the  line  rate  is  1.8  MHz  * 112 
a 16  KHz,  which  is  sufficiently  close  to 
15.75  KHz  (standard  TV  line  rate)  to  be 
used  with  525  line  monitors.  As  mentioned 
before,  a field  is  composed  of  65  lines, 
resulting  in  a frame  rate  of  16  KHz  * 130 
= 123  frames  per  second.  Forcing  a 30  frame 
per  second  monitor  to  sync  to  this  increased 
rate  requires  paralleling  the  resistor  in 
the  wiper  of  the  vertical  hold  control  with 
a smaller  resistor,  typically  100Q.  Of 
course,  adjustment  of  the  vertical  height 
control  is  also  necessary. 

Operation  of  the  100  x 100  element  CCD  at 
the  CCTV  standard  of  30  frame-per-second 
rate,  while  maintaining  the  15,750  Hz  line 
time,  can  be  accomplished  by  using  U8  to 
divide  03 's  output  by  4.  With  double 
pole,  double  throw  switch  in  position 
B,  U8*s  output  is  used  to  clock  the 
vertical  counting  chain,  increasing  the 
field  time  by  a factor  of  four.  Since 
horizontal  sync  pulses  to  the  monitor  are 
not  divided,  the  overall  result  is  that 
only  one  vertical  shift  of  dy  in  the 
CCD  occurs  for  each  four  lines  displayed 
on  the  monitor.  The  monitor  will  now  run 
at  30  frames  per  second  making  it  com- 
patible with  the  requirements  of  EIA 
RS-170  standards.  The  CCD  imager's  inte- 
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gration  time,  being  increased  four  times, 
allows  operation  at  lower  light  levels 
(£  2 f-stops) . 

The  clocks,  as  generated  in  Figure  4,  are 
used  to  drive  both  imager  and  storage 
CCDs;  Figure  5 indicates  the  arrangement 
for  driving  the  Imager.  Each  of  the  T^L 
level  clocks  needed  is  amplified  and 
level  shifted  by  one  of  the  clock  driver 
circuits  of  Figure  6.  The  normal  state 
of  the  clock  waveform  at  the  CCD  deter- 
mines which  circuit  is  used.  These 
drivers  offer  the  high  speed  operation 
necessary  to  clock  the  CCD  at  TV  com- 
patible rates  and  the  low  power  dissi- 
pation desirable  for  a minimum  system 
heat  generation.  Since  dvi  and  dv2 
require  Identical  voltage  levels,  some 
component  reduction  is  accomplished  by 
sharing  power  supply  transistors  (Q1  and 
Q3)  between  these  two  complementary 
signals.  The  same  is  true  of  and  ^2 ■ 


The  output  signal  level  of  about  75  mV  is 
capacitively  coupled  to  remove  the  DC 
offset.  The  signal  is  then  amplified 
and  clamped  to  a DC  level  near  ground 
potential.  A unity  gain  buffer  offers  a 
low  output  impedance  for  transmitting  the 
camera  video  to  three  other  functional 
blocks  of  Figures  7,  8 and  9. 


Figure  6.  Clock  Driver  Circuits 


Figure  7.  Single-Field  MTI 


Figure  8.  Single-Field  Storage 


Figure  9.  Video  Processing 


The  single-field  MTI  circuit  is  shown  in 
Figure  7 . Here , a single  CCD201  array 
is  used  as  an  analog  shift  register.  It 
is  worth  noting  that  the  device,  when 
operated  in  this  mode,  is  Interfaced 
with  peripheral  circuitry  in  much  the  same 
manner  as  the  imager.  Both  modes  of 
operation  require  vertical,  horizontal,  and 
reset  clocks.  A photogate  clock  is  not 
required  for  the  memory  mode  since  the 
photosites  are  not  addressed.  However, 
additional  clocks  in  the  form  of  input 
horizontal  (djj  m)  and  sampling  «s)  are 
required.  Figure  10  is  a timing  diagram 
showing  the  relationships  between  horizontal 
clocks  and  the  sampling  clock.  Input 
horizontal  clocks  and  ^u2-IN^  are 

held  low  during  the  vertical  transfer. 
Otherwise,  the  input  horizontal  clocks  are 
identical  to  the  output  clocks. 
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Figure  10.  CCD201 

Shift  Register  Waveforms 

Although  the  waveforms  of  Figure  10  are 
sufficient  for  producing  a delayed  field 
of  video,  the  problem  of  registration  must 
be  dealt  with  before  the  device  can  be  used 
for  element -by-element  comparison  with 
camera  video.  The  output  register  on  the 
CCD201  requires  102  horizontal  clocks  to 
empty  completely,  while  the  input  register 
requires  100  clocks  to  fill  completely. 

The  simplest  solution  to  this  registration 
problem,  and  the  one  that  leads  to  the 
greatest  useful  scene  area,  is  to  clock  all 
horizontal  registers  102  times.  The  input 
register  will  dump  the  overfill,  resulting 
in  each  element  holding  the  charge  asso- 
ciated with  the  equivalent  element  on  the 
sensor.  For  the  prototype  system  under  dis- 
cussion, the  sensor  was  clocked  105  times 
(as  previously  described) , and  the  shift 
register  array  was  clocked  102  times  by 
inhibiting  the  first  three  clock  pulses  from 
the  clock  generator.  Although  this  approach 
does  give  perfect  horizontal  registration, 
the  last  three  elements  of  each  line  from 
the  shift  register  contain  no  information. 

I Vertical  registration  must  also  be  considered. 

The  51  vertical  shifts  per  field  derived 
from  the  clock  generator  board  is  exactly 


the  number  required  to  transfer  data  through 
the  CCD  201  shift  register. 

Figure  7 showed  that  the  clocks  are  applied 
to  the  shift  register  on  alternate  fields 
only.  This  provides  same  field  comparison 
on  odd  numbered  fields  (for  Instance), 
and  no  KTI  output  video  on  even  fields. 

The  resulting  resolution  is  50  x 100 
elements.  Background  suppression  to  2 
percent  of  white  level  has  been  demonstrat- 
ed with  the  prototype  system  over  the 
entire  dynamic  range  of  the  imager.  This 
type  of  performance  is  achieved  only 
after  careful  clock  level  and  amplifier 
adjustments.  In  the  system  being  dis- 
cussed, a comparator  with  its  threshold 
set  at  5 percent  of  white  level  was  added 
to  the  differential  amplifier's  output. 

This  completely  eliminated  stationary 
components  of  the  viewed  area  from  the 
displayed  video. 

The  single-field  storage  (Figure  8)  is 
similar  to  the  full-frame  storage  dis- 
cussed previously,  except  that  only  one 
CCD  is  employed,  removing  the  requirement 
for  the  multiplexing  circuitry.  The 
prototype  system  uses  from  two  to  four 
comparators  in  the  refresh  circuitry, 
giving  up  to  five  levels  of  recirculating 
storage.  Again,  registration  is  important 
since  each  cycle  through  the  CCD  must 
result  in  the  same  element-time  relation- 
ship. The  same  clocks  are  used  in  this 
scheme  as  those  in  the  single  field  MTI. 
False  alarms,  defined  for  this  discussion 
as  a charge  degradation  of  sufficient 
magnitude  to  cause  the  CCD's  output  to 
be  quantized  incorrectly  in  the  refresh 
circuit,  are  very  much  a function  of  the 
number  of  comparators  and  their  threshold 
settings.  With  two  properly  adjusted 
comparators,  the  false  alarm  rate  (FAR) 
is  virtually  zero.  Increasing  this 
number  to  four  comparators  greatly  in- 
creases the  FAR  for  the  first  few  recir- 
culation cycles,  but  it  then  settles  to 
about  one  per  minute.  This  transient 
phenomenon  can  be  attributed  partly  to 
charge-spreading  in  the  CCD  for  large 
contrast  changes  between  adjacent  cells, 
and  partly  to  electronic  transients  when 
the  input  of  the  CCD  is  switched  between 
camera  video  and  video  from  the  refresh 
circuit . 

Figure  9 shows  the  essential  elements  of 
the  video  processing  electronics  used  in 
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the  prototype  system.  Here,  one  of  the  where  the  higher  resolution,  and  conse- 

three  available  videos  (direct  camera,  quently  higher  cost,  of  larger  devices  Is 

stored,  or  MTI)  Is  chosen  for  display.  Due  not  necessary, 

to  the  format  of  the  CCD  video  output  (see 
the  CCD201  data  sheet) , a sample-and-hold 
Is  required  to  remove  clock  components. 

Finally,  composite  sync  Is  added  to  the 
video  in  a summing  amplifier  before  routing 
the  composite  video  to  the  monitor. 


SUMMARY  AND  CONCLUSIONS 

A 100  x 100  CCD  array,  organized  in  a SPS 
(series,  parallel,  series)  format,  has 
shown  itself  to  be  a very  versatile  device. 
Although  normal  operation  is  a 2-phase, 

10k  element,  self-scanning  Image  sensor, 
the  device  design  Includes  a 100  x 1 bit 
input  register  which  may  be  used  for 
electrical  input.  By  using  a common  set 
of  clock  voltages  to  drive  the  electrical 
input  register  of  the  identical  (storage 
only)  devices  in  synchronization  with  the 
imaging  chip,  data  has  been  shown  stored 
in  temporary  memory  and  subsequently  read 
out  for  frame-to-frame  subtraction  on 
succeeding  fields.  Or  the  output  of  the 
memory  chip  may  be  tied  back  to  its  own 
input  and  the  information  recirculated  for 
an  indefinite  period  if  appropriately  re- 
freshed. 


Operation  in  the  frame-to-frame  subtraction 
mode  allows  the  detection  of  moving  objects 
in  the  field  of  view.  Operation  in  the  re- 
circulation mode,  with  refresh,  increases 
the  storage  capability  of  the  device  since 
each  bit  now  has  several  analog  levels 
associated  with  it.  Areas  of  application 
include  security  systems  for  detection  of 
unauthorized  entry,  storage  of  the  scene  at 
the  time  of  the  alarm,  and  slow  scan  trans- 
mission to  a remote  monitoring  point. 


A prototype  camera  and  signal  processing 
unit,  operating  in  the  above  described 
modes,  has  been  built  with  one  imaging  chip 
and  two  storage  CCDs. 


Operation  of  the  unit  is  simplified  by 
a unique  electrical  interface  allowing 
the  output  to  be  displayed  on  an  un- 
modified 30  frame/second  CCTV  monitor. 
This  allows  the  camera  mode  of  operation 
to  be  compatible  with  EIA  RS170  format 
monitors  and  recording  devices.  It  is 
believed  that  the  use  of  this  smaller 
device  in  a CCTV  compatible  format  offers 
cost  advantages  in  those  applications 
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ABSTRACT.  The  use  of  coherent  optical  analog  methods  to  perform  matrix  multiplications  has  been  reported  in  the 
literature.  Described  in  this  paper  are  two  incoherent  optical  systems  in  which  the  matrix  multiplication  represents  a 
general  linear  transformation  of  one  data  vector  into  another.  The  input  data  vector  is  represented  as  a time  sequence 
of  N amplitude  weighted  electrical  pulses  which  temporally  modulate  the  light  output  of  an  LED.  This  modulated 
light  field  first  passes  through  optical  transparency  and  is  then  incident  upon  a charge  coupled  device  (CCD).  In  one 
system  the  CCD  is  a 500  x 1 element  line  array  and  in  the  other  it  is  a 100  x 100  area  array.  The  transparency  is  ar- 
ranged in  a rectangular  array  of  M x N elements,  where  the  transmittance  of  each  element  is  proportional  to  the  m,  n1*1 
sample  of  the  impulse  response  or  kernel  of  the  linear  transformation.  Finally,  the  output  data  vector  is  in  the  form 
of  a time  sequence  of  M electrical  pulses,  the  amplitudes  of  which  represent  the  values  of  the  desired  output  data 
vector. 

The  linear  transformation  thus  performed  is  one  of  broad  application,  the  particular  nature  of  the  transformation  de- 
pending upon  the  form  of  the  impulse  response  encoded  into  the  optical  memory  transparency.  Examples  of  trans- 
formations which  can  be  readily  programmed  into  the  device  include  convolutions;  correlations;  Fourier,  Laplace, 
and  Walsh-Hadamard  transformations;  and  linear  filtering. 

An  electrooptical  system  is  particularly  appropriate  for  such  calculations  in  moderate-accuracy  (6-8  bit)  applications. 

A direct  evaluation  of  this  discrete  matrix  operation  requires  M x N analog  multiplications  to  be  performed  in  a se- 
quential manner  such  that  the  elements  of  the  output  vector  are  produced  oi»  at  a time.  To  significantly  reduce  the 
processing  time  relative  to  such  a slow  direct  implementation,  one  must  reduce  the  time  required  for  each  analog 
multiplication,  process  in  parallel,  or  both.  In  the  electrooptical  systems  described  here,  both  of  these  processing 
advantages  are  inherently  present. 


INTRODUCTION 

The  use  of  coherent  optical  analog  methods  to  perform 
matrix  multiplications  has  been  reported  in  the  litera- 
ture. * '3  An  electrooptical  approach  utilizing  incoherent 
optical  technology  has  recently  been  described  in  which 
a vidicon  tube  was  used  as  the  integrating  element.^ 
Presented  below  is  an  extension  of  this  latter  work  in 
which  the  vidicon  is  replaced  by  a line-array  charge 
coupled  device  (CCD)  in  one  system,  and  by  an  area- 
array  CCD  in  another.^’  ® 


We  consider  the  electrooptical  implementation  of  a 
general  linear  filter,  illustrated  in  Fig.  1 , which  is  char- 
acterized by  an  impulse  response  h(upr).  The  output 
of  such  a filter,  g(v),  is  related  to  the  input,  f(u), 
through  a general  linear  transformation 
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f(u)h(u;v)du  = g(v) 


(1) 


in  which  the  impulse  response  appears  as  a weighting 
function.  We  shall  not  restrict  our  discussion  to  shift- 
invariant  filters,  for  which  Eq.  (1)  would  reduce  to  a sim- 
ple convolution,  and  will  therefore  be  able  to  treat  a 
larger  class  of  useful  linear  transformations.  The  rela- 
tion described  by  Eq.  (1)  is  one  of  broad  application, 
the  particular  nature  of  the  transformation  depending 
on  the  form  of  the  impulse  response.  Table  1 lists  a 
few  examples  of  signal  processing  transformations  to- 
gether with  the  appropriate  form  of  h(u,v).  Thus,  a 
signal  processing  device  for  which  the  impulse  response 
can  be  readily  programmed,  and  which  can  subsequently 
perform  the  transformation  of  Eq.  (1)  with  economy 
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of  time  and  hardware,  should  find  widespread  and 
versatile  use. 


htu;v) 


«u) 

LINEAR 

«<») 

FILTER 

Fig.  1 . General  linear  filter  characterized  by  impulse  h(u;v). 
Input  fiu)  is  transformed  into  output  g (v)  through  a linear 
transformation  integral. 

TABLE  1 . EXAMPLES  OF  LINEAR  TRANS- 
FORMATIONS COMMONLY  USED  IN  SIGNAL 
PROCESSING  APPLICATIONS.  EACH  TRANS- 
FORMATION IS  OF  THE  FORM  OF  EQ.  (1), 
WITH  IMPULSE  RESPONSE  h(u;v) 

AS  SHOWN  BELOW. 


TRANSFORMATION 

IMPULSE  RESPONSE 

Convolution 

h (v-u) 

Cross  correlation 

h (u-v) 

Autocorrelation 

f(u-v) 

Cosine  transform 

cos  (2truv) 

Fourier  transform 

exp  (-i2iruv) 

Laplace  transform 

exp  (-uv) 

Hankel  transform 

2trJ0(2truv)u 

Anticipating  the  electrooptical  implementations  to  be 
described  below,  which  are  basically  sampled  data  sys- 
tems, we  consider  the  discrete  finite  version  of  Eq.  (1). 


At  this  point,  it  is  appropriate  to  comment  on  why  an 
electrooptical  implementation  of  this  fundamental 
matrix  operation  is  being  considered  here.  Note  that 
a direct  evaluation  of  Eq.  (3)  requires  M x N analog 
multiplications  to  be  performed  in  a sequential  man- 
ner such  that  output  values  gm  are  produced  one  at  a 
time.  In  order  to  increase  the  rather  slow  processing 
rate  associated  with  such  a direct  approach,  one  must 
reduce  the  time  required  for  each  multiplication,  proc- 
ess in  parallel,  or  both.  In  an  optical  system  both  of 
these  processing  advantages  are  inherently  present. 
Although  they  must  still  be  detected,  analog  multipli- 
cations take  place  as  fast  as  light  travels  through  an 
optical  transparency  (about  10"*^  sec).  Also,  the 
two-dimensional  nature  of  image  transfer  in  an  optical 
system  provides  the  capability  of  performing  many 
such  multiplications  simultaneously  (up  to  about  106 
in  the  systems  described  below).  Therefore,  in  appli- 
cations involving  high-speed  calculations  of  moderate 
accuracy  (6-8  bit),  an  electrooptical  system  seems  a 
particularly  appropriate  approach. 


We  describe  in  sections  to  follow  two  different  electro- 
optical devices  designed  to  implement  the  matrix 
multiply  operation  of  Eq.  (3).  The  first  utilizes  a scan- 
ning mirror  to  sweep  the  temporally  modulated  image 
of  an  optical  memory  transparency  or  mask  across  a line- 
array  CCD.  The  second  eliminates  the  need  for  a scanning 
mirror  by  replacing  the  line-array  detector  with  an  area- 
array  CCD  and  electronically  scanning  the  mask  image 
within  the  detector  itself. 


LINE-ARRAY  PROCESSOR 


N-l 

E fnhmn  = *m  m = 0,1,2,...,  M-l  (2) 

n=0 

It  is  often  useful  to  rewrite  this  equation  in  its  equiva- 
lent matrix  notation 

(HI  [F]  = [G(. 


GENERAL  DESCRIPTION 


Fig.  2 depicts  the  incoherent  electrooptical  system  used 
to  evaluate  the  matrix  multiplication  of  Eq.  (3).  The 
system  consists  of:  (a)  light  emitting  diode  (LED), 

(b)  condensing  lens,  (c)  optical  memory  mask,  (d)  imag- 
ing lens,  (e)  scanning  mirror,  and  (0  line-array  CCD. 


Written  in  full  this  relation  becomes 


hoohor 

Njjh-i 

'f0  " 

fohoaffihoi* 

>fN-lh0.N-l 

«0 

h,0h||-- 

'l 

fOhIO+flhll  + 

HN-lhI.N-l 

*1 

hM-I.O 

hM-I.N-l 

'N-l 

r0hM-l.0*flhM! 

-M*i 

where  each  matrix  has  a direct  interpretation  in  terms 
of  the  processors  described  in  this  paper. 


Given  a temporal  signal  fit),  for  which  some  linear 
transformation  must  be  performed  according  to  Eq.  (1), 
the  input  to  the  device  is  a time  sequence  of  electrical 
pulses,  fn,  which  represent  sampled  values  of  fit).  These 
samples  are  proportional  to  the  elements  of  the  col- 
umn vector  ( F ) in  Eq.  (3),  and  appear  as  an  intensity 
modulation  of  the  LED.  The  condensing  lens  is  chosen 
for  uniformity  of  illumination  upon  the  mask  and  to 
maximize  the  light  throughput  in  the  system  by  imag- 
ing the  light  source  into  the  entrance  pupil  of  the  imag- 
ing lens.  Directly  behind  the  condenser  is  placed  the 
optical  mask  in  which  is  encoded  the  matrix  operator 
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|H) . An  image  of  the  mask  is  then  formed  by  the 
imaging  lens,  via  a scanning  mirror,  on  the  face  of  the 
CCD.  The  scanning  mirror  is  galvanometer  driven  in  a 
sawtooth  fashion  such  that  an  image  of  the  mask  is 
repetitively  swept  across  the  CCD  face  at  a constant 
velocity  in  a direction  perpendicular  to  the  long  dimen- 
sion of  the  array.  The  CCD  is  then  allowed  to  integrate 
the  light  falling  on  it  during  a single  passage  of  the 
image,  and  a new  output  vector  [G]  is  generated  and 
clocked  out  of  the  CCD  at  the  end  of  each  minor 
sweep. 


M 


E(t)  = c,fs(t) 


(5) 


Figure  2.  Incoherent  electrooptical  processor  utilizing  a mirror 
scan  and  line-array  CCD.  Components  are:  (a)  light  emitting 
diode  (LED);  (b)  condensing  lens;  (c)  optical  memory  mask; 
(d)  imaging  lens;  (e)  scanning  mirror;  and  (f)  tine-array  charge 
coupled  device  (CCD). 

MATHEMATICAL  ANALYSIS 

Given  that  an  analog  temporal  signal  f(t)  must  be  sam- 
pled and  then  transformed  according  to  Eq.  (2)  into  a 
new  discrete  signal,  we  shall  proceed  by  tracing  f(t) 
through  the  system  from  input  to  output.  The  first 
step  in  preparing  the  analog  input  signal  for  processing 
is  to  convert  it  to  a time  sequence  of  pulses  by  passing 
it  through  a form  of  sample-and-hold  circuit.  The 
discrete  version  of  the  signal,  shown  in  Fig.  3,  fhen 
becomes 


N-l 

V*>  = E fnrect 

n=0 


(“5=®) 


(4) 


where 


fn  ^ f(nT) 

and  T is  the  sampling  period,  d is  the  constant  pulse 
duration,  and  the  rectangle  function  (rect)  is  defined 
in  Appendix  A.  The  discrete  signal  fs(t)  is  then  used 
to  modulate  the  light  emitted  by  the  LED  so  that  the 
spatially  uniform  irradiance  distribution  incident  on 
the  optical  memory  mask  in  the  x,y  plane  is 


where  the  constant  C]  is  a scaling  factor  which  depends 
on  the  design  of  the  condensing  optics  and  on  the  scale 
of  the  electrical-to-optical  pulse  conversion  by  the  LED 
and  its  electronics. 


fit) 


i.(«> 


ENVELOPE  fit) 


Him 

k-H  -Hk- 


Fig.  3.  The  input  signal  (a)  and  its  sampled  version  (b).  Sample 
pulses  of  height  fn  ^ f(nT)  and  period  T are  all  of  same  dura- 
tion d. 


The  mask  itself  consists  of  a total  of  M x N rectangular 
apertures  arranged  in  a rectangular  array  as  shown  in 
Fig.  4.  Note  that  each  element  is  the  same  size,  A x B, 
but  that  the  clear  area  of  each  element,  a^  x W,  is 
modulated  by  varying  the  x-dimension  while  holding 
the  y-dimension  fixed.  This  design,  which  modifies 
the  transmitted  radiant  flux  by  varying  the  area  of  an 
aperture,  is  considerably  easier  to  fabricate  than  one 
which  varies  the  transmission  properties  of  some  photo- 
graphic or  electrooptic  material.  From  the  diagram, 
then,  the  transmittance  function  of  the  optical  mask 
is  given  by 


M-l 

r-(x,  y)  = 2 

m=0 


where 


amk  “ ^Nnk 


(6) 


(7) 


and  C2  is  a scaling  constant.  Inspection  of  Eq.  (6) 
shows  'hat  there  is  now  a one-to-one  correspondence 
between  ea  ')  element  of  the  mask  and  the  correspond- 
ing element  of  the  matrix  operator  [HJ  in  Eq.  (3). 


219 


f.rect 


i/*  ELEMENT 

— H N k- 


N-l  M-l  N-l 

ffx'.y')  *c,c3  E E E - v . , 

n»0  m«0  k-0 


(10) 


where  for  convenience  we  have  defined  the 
magnification-scaled  quantities 


A'  =/3  A 
B'  =0  B 

w'  = pw 

amk  = 0 amk 


Fig.  4.  Optical  memory  mask  showing  only  i,  j,h  element. 
Mask  consists  of  M x N rectangular  elements,  the  clear  portion 
of  each  having  the  same  width  W but  a variable  length  a^. 


The  light  field  emerging  from  the  optical  mask  is  simply 
the  product  of  the  incident  irradiance  and  the  mask 
transmittance  function.  The  resulting  light  distribution 
is  then  imaged  onto  the  plane  of  the  detector  via  a 
scanning  mirror.  The  irradiance  distribution  in  the  x\ 
y'  plane  resulting  from  the  temporally  modulated  mask 
image,  moving  at  a speed  v in  the  negative  x'  direction, 
is  then 

/x'+vt-x'  v'\ 

E,(x’,y’;t)  = c3E(t)r| j-i *,*-)  (8) 

In  this  equation  c3  is  a constant  determined  from  radi- 
ometric considerations  of  the  imaging  system,  xj,  is  an 
arbitrary  spatial  phase  term  associated  with  the  scan- 
ning, and  8 is  the  lateral  magnification  associated  with 
the  mapping  of  the  optical  mask  into  its  image. 

Knowing  the  irradiance  distribution  in  the  detector 
plane,  the  quantity  of  interest  in  terms  of  the  response 
of  the  CCD  is  the  total  exposure  delivered  to  the  x',y' 
plane  during  a single  sweep  of  the  mirror.  This  is  given 
by 

OO 

«x',y')=  / E’ (x’,y’;t)dt.  (9) 

0 

Making  the  appropriate  substitutions  from  Eq.  (4) 
through  (8),  the  total  exposure  becomes 


Evaluating  the  integral  in  Eq.  (10)  we  find  that  the 
m,k*^  exposure  element  due  to  the  n1*1  LED  pulse  is  one 
of  three  possible  trapezoidal  solids.* 


In  arriving  at  the  expressions  of  Eq.  (11),  several  im- 
portant requirements  have  been  included.  First,  it  is 
assumed  that  the  moving  mask  image  is  in  phase  syn- 
chronization with  the  LED  such  that  the  first  (k=0) 
column  of  the  mask  image  is  centered  on  the  y'-axis 
half  way  through  the  first  (n=0)  LED  pulse.  This  im- 
plies that 


Second,  the  timing  of  the  LED  pulses  must  be  such 
that  the  exposure  pattern  will  be  of  the  proper  scale. 
That  is,  it  will  ensure  that  hall  way  through  the  nth 
light  pulse  the  k=nlh  column  of  the  mask  image  will 
also  be  centered  on  the  y'-axis.  This  means  that 

A'  = vT. 


•See  Appendix  A for  definitions  of  the  red,  trap,  and  tri  func- 
tions used  here.  Also  see  Appendix  B for  evaluation  of  the 
form  of  integral  contained  in  Eq.  (10). 
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The  exposure  elements  described  by  Eq. ( l 1 ) and  their 
size  relationships  to  a CCD  element  are  illustrated  in 
Fig.  5.  The  exposure  element  |(x',y')nnlk  describes 
the  distribution  of  radiant  energy  per  unit  area  de- 
livered to  the  detector  plane  from  the  m,k(h  mask  ele- 
ment during  the  n*h  LED  pulse.  As  can  be  seen  from 
the  diagram,  the  size  of  a given  exposure  element  rela- 
tive to  the  size  of  a CCD  element  must  be  considered 
when  computing  the  total  radiant  energy  actually  enter- 
ing the  CCD  element.  Of  the  five  possible  combina- 
tions described  in  Fig.  5,  three  pass  an  amount  of 
radiant  energy  during  a single  light  pulse  which  is  pro- 
portional to  the  desired  product  f^’^ . These  are 
cases  (a)  and  (b)  with  trapezoid  height  R = (C]Cj/v) 
fna’mk  and  case  0>)  with  R = qcjdf,,.  Of  these  three 
we  select  the  first  for  practical  consideration  since  it 
greatly  reduces  tolerance  requirements  in  mask  fabrica- 
tion and  in  scan  synchronization.  Therefore,  combin- 
ing Eq.  (10)  and  (11c),  the  total  exposure  in  the  x’,y' 
plane  is 


«*v>-  { £ £ v. 


N-l  l M-l  N-l 


n=0  / m=0  k=0 


Fig.  5.  Possible  relationships  between  exposure  element  and 
detector  element  as  described  by  Eq.  (1 1).  Eq.  (1  la)  can  cor- 
respond to  cases  (a)  or  (b)  above  where  R = CjCjiMj,.  Eq.  (1  lb) 
is  represented  by  case  (c)  above,  and  Eq.  (1  lc)  is  described  by 
cases  (a)  or  (b)  with  R'^Cj/v^aJ,^. 


As  shown  in  Fig.  6,  the  expression  in  braces,  | J , 
above,  represents  a rectangular  array  of  trapezoidal 
solids  due  to  the  n1^  LED  pulse.  A new  such  exposure 
array  is  created  with  each  input  pulse  f„,  but  each  array 
is  shifted  from  the  preceding  by  an  amount  A'.  Note 
from  the  figure  that  for  the  n1*1  input  light  pulse,  only 
the  k=n1^  column  of  the  exposure  array  will  be  super- 
imposed upon  the  detector.  Finally,  we  assume  that 
in  the  y'-dimension,  each  exposure  element  is  narrower 
than  a CCD  element.  In  summary,  the  assumptions 

k = n 

L^.W’ 

D^vd-a'mn- 

when  combined  with  Eq.  (12),  yield  the  total  radiant 
energy  entering  the  m1*1  CCD  element  during  a com- 
plete mirror  sweep  as 

N-l 

Qm  = clc2c3~  12  /nNnn-  (13) 

n=0 


Fig.  6.  Exposure  pattern  £(x',y')n  due  to  the  n*  LED  pulse. 
Pattern  is  rectangular  array  of  trapezoidal  solids  (only  ij1*1  ex- 
posure element  shown)  shifted  in  the  negative  x’  direction  by 
an  amount  nA'.  Note  that  n1*1  column  of  exposure  array  is 
centered  on  the  detector  array  (shaded  elements). 


Comparison  of  Eq.  (13)  with  Eq.  (2)  shows  that  the 
quantity  Qm  is  indeed  proportional  to  the  desired 
quantity  At  the  completion  of  a given  mirror 
sweep  the  charge  packets  stored  in  each  of  the  M CCD 
elements  are  clocked  sequentially  out  of  the  device 
yielding  a time  sequence  of  pulses  which  are  respective- 
ly proportional  to  the  elements  of  the  desired  column 
vector  (GJ  in  Eq.  (3).* 


•The  assumption  is  that  the  energy  entering  each  CCD  element 
is  linearly  converted  to  charge  within  the  element.  Deviations 
from  this  assumption,  or  compensation  techniques,  will  not  be 
discussed  in  this  paper. 
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One  final  consideration  is  the  relation  between  the 
length  of  the  mask  elements,  amj,,  and  their  spacing  in 
the  x-dimension.  A profile  of  the  m,n^  trapezoid 
function  of  Eq.  (12)  is  shown  in  Fig.  7,  where  it  is 
superimposed  upon  the  mth  CCD  element  of  width  D. 


For  a given  pulse  duration  d and  velocity  v,  note  from 
the  figure  that,  while  the  scope  of  the  trapezoid  sides 
depends  upon  the  LED  pulse  strength  fn,  the  overall 
width  of  the  exposure  element  depends  solely  upon 
the  length  of  the  mask  image  element  a^.  Also  no- 
tice that  the  upper  vertices  of  the  trapezoid  lie  on  the 
legs  of  a triangle  shown  by  dashed  lines.  Thus,  for  a 
given  fn,  the  top  of  the  trapezoid  gets  higher  and  nar- 
rower as  a^,,  increases.  Since  the  detector  must  lie 
within  the  flat  portion  of  the  exposure  element,  aj,,,, 
can  vary  between  zero  and  a maximum  value  deter- 
mined by  the  CCD  element  width  D.  In  terms  of  the 
mask  element  itself, 
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f 7 . Profile  of  mai**1  exposure  element  superimposed  upon 
m*  CCD  element  (shaded).  Uper  vertices  of  trapezoid  always 
lie  on  legs  of  triangle  shown  with  dashed  lines. 


To  calculate  the  minimum  spacing  required  between 
mask  elements,  the  overlap  between  two  adjacent  trape- 
zoidal elements  for  which  is  a maximum  must  be 
considered.  As  shown  in  Fig.  8,  the  minimum  allow- 
able spacing  in  the  exposure  plane  then  occurs  when 
d=T.  From  the  figure  we  conclude  that  the  absolute 
minimum  spacing  of  mask  elements  must  therefore  be 

■^min  =~jj~  • (15) 
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Fig.  8.  Minimum  possible  spacing  between  adjacent  exposure 
elements  occurs  when  d = T and  when  a^,n  assumes  the  maxi- 
mum value  ajnax  = vT  - D. 

AREA-ARRAY  PROCESSOR 
GENERAL  DESCRIPTION 

In  the  system  described  below,  the  need  for  a scanning 
mirror  is  eliminated  by  incorporating  an  area-array  de- 
tector in  place  of  the  line-array  CCD  used  above.  By 
using  a two-dimensional  CCD,  the  scanning  of  the  mask 
image  can  now  be  performed  electronically  within  the 
detector  itself.  This  allows  considerable  simplification 
in  system  design  as  well  as  analysis.  Such  a modified 
system  is  represented  in  Fig.  9,  where  up  to  the  optical 
memory  mask  the  geometry  is  essentially  the  same  as 
in  the  line-array  system  described  by  Fig.  2.  Immedi- 
ately behind  the  mask  is  an  area-array  CCD  whose  out- 
put is  a sequence  of  pulses  representing  the  desired 
vector  |G) . This  geometry  not  only  avoids  the  me- 
chanical complexity  of  a scanning  mirror,  but  also 
eliminates  the  imaging  lens  and  the  space  associated 
with  its  mapping  of  the  mask  image  onto  the  detector.* 


AREA-ARRAY 

cco 


Fig.  9 . Area-array  electrooptica]  processor  in  which  need  for  a 
scanning  mirror  is  eliminated  through  use  of  a two-dimensional 
CCD.  System  consists  of:  (a)  LED;  (b)  condensing  lens;  (c) 
optical  memory  mask;  and  (d)  area-array  CCD. 

*We  speak  here  of  the  mask  and  detector  as  being  in  physical 
contact,  as  indeed  they  could  be  with  a specially  designed 
CCD.  However,  for  convenience  in  the  experimental  work 
performed  thus  far,  the  mask  has  been  imaged  onto  the  de- 
tector with  a lens. 
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mathematical  analysis 

As  before,  we  represent  the  spatially  uniform  light  field 
incident  upon  the  optical  mask  by 


N-l 

E(t)  = cj  £ 
n=0 


fnrect(t2^2)  (16) 


where  C|  is  a constant  scale  factor. 

For  ease  of  fabrication,  we  again  represent  the  elements 
of  the  optical  mask  as  a rectangular  clear  apertures  ar- 
ranged on  a rectangular  array  with  spacing  A x B (Fig. 
10).  Here  the  clear  portion  of  the  m.k1*'  mask  element 
is  of  length >/*mk  *n  the-x.<tunension  and  width 
KVamk  “*  t*le  y ■dimension  where-^ 

amk  = c2hmk-  C7) 

K = B/A,  (18) 

and  C2  is  a scaling  constant. 

The  transmittance  function  of  the  mask  is  then 


M-l  N-l  / 
H*,y)  5 j]  j] 
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Fig.  10.  Optical  memory  mask  showing  only  ij1*1  element. 
Mask  consists  of  rectangular  array  of  M x N rectangular  ele- 
ments. The  clear  area  of  the  i,jt'1  element  is  Kaa,  where 
K « B/A. 


Immediately  behind  the  optical  mask  the  irradiance 
distribution  incident  on  the  detector  plane  is 

E'  (x,y;t)  = E(t)r(x,y).  (20) 

The  optically  sensitive  region  of  the  area-array  CCD 
consists  of  a rectangular  array  of  identical  rectangular 
photosensors,  as  shown  in  Fig.  11.  These  CCD  ele- 
ments, each  of  size  D x L,  are  arranged  on  an  array  the 
same  size  and  scale  as  the  optical  mask.  In  addition, 
the  aspect  ratio  of  each  mask  element  is  scaled  to  be 
the  same  as  that  of  the  corresponding  CCD  element. 
That  is, 


_B  __L.  = kr 
A D 


Fig.  1 1 . Rectangular  array  of  rectangular  CCD  photosensors. 
Each  element  is  of  size  D x L,  where  L/D  = B/A  = K.  Column 
at  right  represents  output  shift  register  for  clocking  out  charge 
transferred  from  the  photosensor  array . 

We  now  focus  attention  on  the  energy  entering  the 
m,kt*'  element  of  the  CCD  due  io  the  nth  LED  pulse, 


Qnmk  Iff  E'  (x,y;t)dxdydt 


= c1c2dKfnhmk-  (22) 

In  particular,  the  energy  entering  the  k = n1*1  element 
in  the  m1*1  row  is  proportional  to  fnhmn,  the  product 
inside  the  summation  of  Eq.  (2).  What  is  desired  is  the 
sum  of  such  products  for  all  values  of  n.  Thus,  if  the 
charge  content  of  each  CCD  cell  in  the  m1*1  row  is 
transferred  laterally,  as  indicated  in  Fig  1 1 , by  one  ele- 
ment between  LED  pulses,  then  the  stored  photocharge 
in  the  m,k(^  element  due  to  the  n1*1  pulse  can  be  added 
to  the  charge  stored  in  the  (m,k-l  )st  element  due  to 
the  (n— 1 )st  pulse.  This  means  that  the  partial  sum  in 
the  last  (k=N-l ) cell  of  the  m1*1  row  after  the  r1*1  pulse  is 
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Smr-clc2dK  E fnhm,N-(r-n+l)  <23> 

n=0 


Finally,  after  the  last  pulse  (r=N-l),  the  charge  stored 
in  the  last  cell  of  the  m*'1  row  is  proportional  to 


sm,N-l -clc2dK  E fnhmn 

n=0 


Again  referring  to  Eq.  (2),  this  expression  is  propor- 
tional to  the  desired  quantity  g^  After  N light  pulses, 
the  charge  stored  in  the  output  drift  register  is  vertically 
clocked  out.  This  charge,  in  the  form  of  discrete  pack- 
ets, yields  a time  sequence  of  pulses  proportional  to  the 
values  gffj  of  the  desired  column  vector  [G] . 


COMMENTS  AND  CONCLUSIONS 

Eq.  (13)  and  (24)  predict  that  the  line-array  and  area- 
array  systems  described  above  are  capable  of  perform- 
ing the  linear  transformation  of  Eq.  (2).  A develop- 
mental model  of  the  line  array  processor,  shown  in  Fig. 
1 2,  has  been  assembled  and  tested.  The  system  is  simi- 
lar to  that  previously  reported  ,4-6  however,  here  a 500- 
element  Fairchild  line-array  CCD  has  replaced  the  vidi- 
con  tube.  In  addition,  a compact  layout  has  been  used 
in  which  the  optical  system  is  confined  to  a 4 x 5 inch 
circuit  board. 


An  area-array  processor  which  utilizes  a 1 00  x 100  ele- 
ment Fairchild  CCD  has  also  been  assembled,  see  Figure 
1 3,  and  is  currently  being  tested.  The  detector,  which 
is  a standard  imaging  chip,  is  being  driven  in  a manner 
to  suit  this  signal  processing  application.  Used  as  an 
image  sensor,  the  CCD  array  would  continuously  inte- 
grate during  each  full  video  frame.*  However,  for  the 
case  at  hand  the  device  integrates  during  each  individual 
LED  pulse,  but  between  pulses  the  charge  collected  at 
each  photosite  is  transferred  laterally  by  one  element 
and  added  to  the  photocharge  from  the  next  pulse. 

This  shift-and-add  process  is  repeated  100  times,  after 
which  the  charge  deposited  in  the  output  shift  register, 
representing  the  desired  output  data  vector,  is  clocked 
out. 


Fig.  12.  Line-array  electrooptical  processor  on  a 4 x 5 inch  cir- 
cuit card.  Device  is  programmable  by  inserting  a desired  pro- 
gram mask.  Support  electronics  occupies  three  additional  cards 
of  the  same  size. 


Fig.  13.  Area-array  electrooptical  processor.  Device  is  program- 
mable by  inserting  desired  program  mask. 

As  described  earlier,  the  optical  memory  masks  fabri- 
cated thus  far  utilize  an  area  modulation  scheme  for 
encoding  the  values  hmn.  This  technique  is  straight- 
forward, not  involving  materials  problems  (e.g.,  non- 
linearities),  and  lends  itself  to  mask  fabrication  with  a 
programmable  desk  calculator  and  x-y  plotter.  Two 
mask  examples  are  shown  in  Fig.  1 4 for  the  cases  of  a 
discrete  identity  transform  and  a discrete  cosine  trans- 
form. 


'Interlacing  is  ignored  in  this  discussion. 
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Fig.  14.  Examples  of  35  mm  format  memory  masks  designed 
to  perform  (a)  a discrete  identity  transform,  and  (b)  a discrete 
cosine  transform. 


These  masks  have  been  used  in  preliminary  tests  of  the 
area-array  processor,  with  favorable  results  illustrated 
in  Figs.  (15)  and  (16).  As  a first  test  we  consider  the 
case  where  the  impulse  response  operator  of  Eq.  (2)  is 
a matrix  with  diagonal  elements  of  unity  and  off- 
diagonal  elements  zero.  This  defines  the  so-called  iden- 
tity matrix.  Its  use  in  Eq.  (2)  reproduces  at  the  output 
an  exact  replica  of  the  input  function.  Typical  per- 
formance of  the  area-array  processor  with  an  identity 
matrix  in  place  is  shown  in  Figure  15.  In  this  example 
the  input  signal  (lower  trace)  was  a one  volt  (peak-to- 
peak)  triangle  wave  of  0.8  kHz  frequency,  sampled  at 
10  kHz.  As  seen  in  the  figure,  the  output  signal  (upper 
trace)  is  a well  formed  triangle  wave  of  the  same  fre- 
quency as  the  input  signal.  The  few  spurious  samples 
at  each  end  of  the  output  trace  are  not  part  of  the 
processed  signal  and  are  ignored.  As  a second  test,  a 
mask  was  prepared  for  performing  a discrete  cosine 
transform.  Theoretically,  a pure  cosine  wave  input  re- 
sults in  two  delta  functions  at  the  output,  centered 
in  the  output  array,  and  separated  by  a distance  pro- 


portional to  twice  the  input  frequency.  The  results  of 
this  test  are  shown  in  Fig.  16  for  two  input  cosine 
waves  of  one  volt  (peak-to-peak)  amplitude  and  fre- 
quencies (a)  1.1  kHz  and  (b)  2.5  kHz.  As  can  be  seen 
from  the  figure,  these  results  agree  quite  well  within 
the  theoretically  predicted  outputs. 


It  is  appropriate  at  this  point  to  consider  the  data  rates 
associated  with  these  processors.  In  the  500  x 1 line- 
array  system  of  Fig.  1 2,  a rather  slow  scanning  mirror 
was  used  rather  than  a high  speed  spinning  prism  to 
demonstrate  the  concept.  The  data  must  be  emptied 
out  of  the  CCD  at  the  end  of  each  mirror  scan  before  a 
new  scan  can  begin.  The  time  required  to  perform  the 
transform  on  the  next  set  of  input  samples  is  deter- 
mined by  the  20  msec  sweep  period  of  the  mirror.  In 
this  system,  input  samples  can  be  fed  in  at  a continuous 
rate  of  about  1 kHz.  The  resulting  output  comes  in  0.5 
msec  bursts  of  500  data  pulses  at  1 MHz  with  20  msec 
between  bursts. 


For  the  100  x 100  area-array  processor,  the  data  can 
also  be  clocked  from  the  output  shift  register  at  1 MHz. 
This  must  be  1 00  times  faster  than  the  rate  at  which 
charge  is  being  transferred  across  the  array.  Since  for 
each  lateral  data  shift  there  is  one  light  pulse,  a con- 
tinuous input  rate  of  10  kHz  yields  a continuous  out- 
put pulse  rate  of  1 MHz. 


Figure  1 5 . Input  (lower  trace)  vs.  output  (upper  trace)  with 
identity  matrix  programmed  into  electrooptical  processor. 


As  a final  comment,  let  us  point  out  that  although  we 
have  considered  the  analog  input  I'ttl  to  have  been 
sampled  before  modulating  the  LEI),  this  is  not  in  gen- 
eral necessary.  When  the  input  signal  is  sampled  ac- 
cording to  Eq.  (41,  the  total  light  collected  by  a given 
CC'D  element  due  to  the  n^  LEI)  pulse  is  exactly  pro- 
portional to  fn.  However,  if  the  analog  input  is  not 
sampled  beforehand,  then  the  “sampling”  is  done  in 
effect  by  the  CCD  itself.  The  photosensitive  elements 
of  the  CCD  integrate  the  light  incident  upon  them  only 
during  a time  determined  by  the  length  of  a photogate 
clocking  pulse.  This  performs  a sampling  operation. 
However,  the  light  integrated  will  be  proportional  to 
the  average  value  of  f(t)  during  the  sampling  interval. 
This  average  value  will  in  most  cases  be  sufficiently 
close  to  the  instantaneous  value  fn  so  that  sampling  of 
the  input  signal  and  all  the  associated  synchronization 
problems  can  be  eliminated. 


Figure  16.  Input  (lower  trace)  vs.  output  (upper  trace)  with 
processor  programmed  for  a cosine  transform.  Inpul  signals 
are  cosine  waves  with  frequencies  (a)  1.1  kHz  and  (b)  2.5  kHz. 


In  performing  a linear  transformation,  the  line-array 
device  operates  on  sequential  windows  of  input  data 
as  shown  in  Fig.  1 7a.  Although  the  output  data  appear 
in  high-frequency  bursts,  over  the  period  of  one  mir- 
ror cycle  there  are  500  output  data  pulses  for  each  500 
input  samples.  However,  in  this  area-array  processor 
example  there  are  100  output  data  pulses  for  each  in- 
put sample.  What  this  means  is  that  a new  and  com- 
plete transform  is  computed,  with  each  input  pulse, 
on  a sliding  window  of  input  data  (Fig.  17b).  That  is, 
each  new  set  of  output  pulses  represents  the  linear 
transformation  oftm  input  data  set  which  differs  from 
the  preceding  set  by  the  addition  of  a new  sample  and 
the  dropping  of  the  oldest.  If  the  functional  form  of 
the  input  signal  varies  in  time,  then  its  transform  as  a 
function  of  time  can  be  continuously  computed.  This 
represents  a useful  capability  inherently  available  in 
the  device  if  required.  An  example  of  its  use  would  be 
the  computation  of  the  discrete  Fourier  transform  of  a 
signal  whose  exact  time  of  arrival  is  not  known.  Thus, 
one  could  avoid  truncating  the  input  signal  by  not  in- 
cluding it  entirely  within  the  sampling  window . 


Fig.  17.  With  the  area-array  processor,  transforms  can  be  per- 
formed not  only  on  (a)  sequential  windows  of  data  but  also 
on  (b)  input  data  under  a sliding  window. 

ACKNOWLEDGMENT 

This  ongoing  work  is  sponsored  by  the  Naval 
Electronic  Systems  Command. 

REFERENCES 

1 . R.  A.  Heinz,  J.  O.  Artman.  and  S.  H.  Lee.  Appl. 
Opt.,  9,2161  (1970). 

2.  D.  P.  Jablonowski,  R.  A.  Heinz,  and  J.  O.  Artman, 
Appl. Opt.,  1 1,174(1972). 

3.  L.  J.  Cutrona,  Optical  and  Electro-Optical  Infor- 
mation Processing,  J.  T.  Tippet  et  al.,  Eds.  (MIT 
Press.  Cambridge,  1965).  p.  97-98. 


226 


— 


4.  R.  P.  Bocker,  Applied  Optics,  13,  1670  (1974). 

5.  K.  Bromley,  Optica  Acta,  21, 35  (1974). 

6.  R.  P.  Bocker,  Ph.D.  Dissertation,  University  of 
Arizona,  June  1975. 

7.  R.  P.  Bocker,  K.  Bromley,  and  M.  A.  Monahan, 
“Optical  Data  Processing  for  Fleet  Applications,” 
Naval  Research  Reviews,  (Office  of  Naval 
Research,  Arlington,  VA),  p.  44,  May-June  1974. 

8.  M.  A.  Monahan,  R.  P.  Bocker,  K.  Bromley,  and 
A.  Louie,  “Incoherent  Electrooptical  Processing 
with  CCDs,”  International  Optical  Computing 
Conference  April  23-25,  1975,  Digest  of  Papers, 
(IEEE  Catalog  No.  75  CH0941-5C),  p.  25 

APPENDIX  A 


Many  useful  and  often  common  functions  must  be  de- 
fined in  piecewise  fashion  because  of  abrupt  changes  in 
the  value  of  the  function.  For  example,  consider  the 
function  f(u)  such  that 


0, 

u < -a. 

“ + 1 

-a  ^ u < 0, 

a 

--+  1, 

0 ^ u < a, 

a 

0, 

u > a. 

To  achieve  compactness  and  clarity  of  notation  for 
such  simple  but  awkwardly  expressed  functions,  we 
define  in  Fig.  A1  a set  of  functions  which  implicitly 
include  such  abrupt  behavior.  We  refer  to  these  as  the 
rectangle,  triangle,  and  trapezoid  functions,  respect - 
tively.  Note  that  the  piecewise  function  cited  in  the 
above  example  now  may  be  simply  written  as 


Fig.  A 1 . Calculations  involving  abruptly  changing  functions  are 
greatly  simplified  by  adopting  a compact  notation.  Used  in  this 
paper  are  three  such  awkwardly  expressed  functions  which  are 
simply  defined  as  the  (a)  rectangle  (red),  (b)  triangle  (tri),  and 
(c)  trapezoid  (trap)  functions,  respectively. 

APPENDIX  B 

The  integral  contained  in  Eq.  ( 10)  is  of  the  form 


/ rect  (t)  rect  fr) du- 


(Bl) 


The  integrand  in  Eq.  (B 1 ) gives  the  area  common  to 
both  rectangle  functions  when  the  second  is  offset 
from  the  first  by  an  amount  v (Fig.  Bl ).  Thus,  the 
overlap  area,  which  varies  as  a function  of  v,  provides 
three  possible  solutions  to  the  integral: 


Fig.  Bl . Shaded  overlap  area  between  two  rect  functions  gives 
value  of  integral  in  Eq.  (Bl)  as  function  of  displacement  v. 
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ABSTRACT 

One  of  the  desirable  objectives  in  the  development  of  CCD  signal  processing  devices  is  to 
produce  a fully  integrated  analogue  cross-correlator.  A processor  with  a code  storage 
capability  of,  say  32,  samples  would  meet  a range  of  requirements.  The  ability  to  cascade 
such  processors  allows  extended  system  applications.  This  paper  reports  on  two  developments 
towards  such  a processor,  the  construction  and  operation  of  a hybrid  cross-correlator  and 
the  design  of  a 32  bit  integrated  correlator  chip. 


HYBRID  CORRELATOR 

The  CCD  is  capable  of  sampling  and  storing 
analogue  signals  using  a shift  register 
action.  When  this  function  is  combined  with 
non-destructive  tapping  circuitry  feeding 
into  analogue  multipliers,  then  it  is 
possible  to  perform  real  time  cross- 
correlation of  analogue  signals.  A 
processor  of  this  form  is  shown  schemati- 
cally in  figure  1. 

A hybrid  correlator  was  assembled  using 
two  CCD's  each  using  8 taps,  the  respective 
tapped  signals  were  fed  into  separate 
monolithic  multipliers  and  the  products 
were  then  summed  in  an  operational  ampli- 
fier. The  CCD’s  were  constructed  using  a 
simple  single  level  aluminium  structure 
with  etched  gaps  2-3  microns  wide.  They 
were  three  phase  surface  channel  devices 
using  an  n-type  substrate.  A floating  gate 
reset  technique  1 was  used  as  the  basis  of 
the  tap  circuitry. 

The  analogue  multipliers  used  were  of  type 
MC  1594  L.  The  maximum  bandwidth  of  these 
multipliers  is  0.8  ttlz  and  it  has  a 
linearity  of  0.5Z.  The  summing  function 
was  performed  using  an  operational  ampli- 
fier, type  LH0032CG,  with  a slew  rate  of 
500  V/uS.  The  summed  output  was  then  fed 
into  a sample  and  hold  circuit  type  DMC 
651.  This  device  produces  considerable 


transient  noise  due  to  logic  feedthrough, 
limiting  its  dynamic  range  to  22  db. 

The  ability  to  make  use  of  the  full 
performance  of  the  CCD  is  obviously  con- 
strained by  the  performance  of  the 
peripheral  circuitry.  If  the  CCD  has  a 
dynamic  range  of  m:l  then  the  multiplier 
needs  to  be  capable  of  processing  a signal 
range  of  m^:l  and  the  amplifier  a range  of 
nm^jl  if  there  are  n taps. 

The  maximum  bandwidth  of  the  correlator 
was  limited  by  the  multipliers  to  0.8  MHz. 
At  the  output  of  the  correlator  the  maxi- 
mum observable  signal  was  limited  by  the 
feedthrough  in  the  sample  and  hold  circuit, 
reducing  the  dynamic  range  from  30  db  at 
the  output  of  the  CCD  to  20  db  at  the  out- 
put of  the  sample  and  hold. 

The  storage  time  for  the  reference  channel 
of  the  processor  was  limited  by  dark 
current  in  the  CCD  to  the  order  of  a few 
milliseconds.  Very  much  larger  storage 
times  (many  seconds)  are  theoretically 
possible  and  times  of  100  msecs  are 
typical  experimentally. 

TV  LINE  CORRELATION 

The  processor  described  was  used  to 
correlate  a portion  of  one  television  line 
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with  the  remaining  lines  of  the  same 
television  frame.  The  video  output  from  a 
CCD  camera  was  fed  into  an  interface  unit 
which  had  controls  to  select  any  portion 
of  the  TV  frame.  The  selected  signals 
were  stored  in  the  reference  channel  and 
held  constant  by  inhibiting  the  clock 
waveforms  to  the  reference  channel.  The 
lines  succeeding  the  reference  line  were 
then  passed  through  the  signal  channel  of 
the  processor  and  correlated  with  the 
stored  signal.  A two  dimensional  picture 
could  be  built  up  by  feeding  the  output  to 
a monitor  as  shown  in  figure  2a.  The 
upper  trace  is  the  reference  line  corre- 
lated with  the  reference  signal  (the 
reference  signal  is  only  part  of  the 
reference  line) . Successive  lines  on  the 
display  show  the  correlation  function  from 
successive  TV  lines  correlated  with  the 
reference  signal.  For  simplicity,  only  16 
lines  have  been  displayed.  An  alternative 
method  of  display  is  to  use  the  corre- 
lation output  to  intensity  modulate  a 
raster  scan  synchronised  to  the  TV 
frame. 

The  performance  of  the  correlator  was 
measured  using  a test  pattern,  consisting 
of  eight  grey  levels,  one  per  reference 
sample,  offset  by  one  bit  on  each  succeed- 
ing line,  and  repeating  after  8 lines.  The 
correlator  display  from  this  test  pattern 
is  shown  in  figure  2a  and  the  theoretical 
correlation  functions  are  shown  in  figure 
2b. 

This  form  of  one-dimensional  correlator  can 
be  extended  to  perform  two  dimension 
spatial  correlation  for  images  which  are 
available  as  raster  scanned  video.  This  is 
illustrated  in  figure  3 where  a sub-frame 
taken  from  a complete  TV  frame  may  be 
correlated  with  other  portions  of  the 
picture,  perhaps  over  the  duration  of 
several  frames,  to  detect  the  magnitude  and 
direction  of  movements  of  objects  in  the 
field  of  view. 

The  video  is  clocked  through  the  reference 
and  signal  channels  of  M correlators  in 
cascade,  with  discrete  time  delays  inter- 
leaved, so  that  each  correlator-plus -delay 
stores  the  L elements  of  a complete  TV  line 
(or  as  much  of  it  as  needs  to  be  processed). 
The  clock  waveform  to  the  reference  channel 
is  inhibited  when  a complete  line  is 
stored.  At  that  time  the  M correlators 


between  them  hold  the  NxM  sub-frame  to  be 
compared  with  the  rest  of  the  complete 
frame.  The  correlation  output  will  now 
show  a maximum  but  as  the  video  continues 
clocking  through  the  signal  channels,  the 
correlation  will  fall  off  as  the  picture 
decorrelates  in  the  horizontal  dimension, 
until  a new  video  line  enters  the  system. 

For  typical  TV  images,  a new  correlation 
peak  will  occur  when  the  signal  preserved 
as  a reference  in  one  correlator  occupies 
the  signal  register  of  succeeding  correla- 
tors in  the  system.  The  heights  of  these 
peaks  represent  the  degree  of  correlation 
between  vertically  displaced  subframes. 

If  the  reference  is  held  over  succeeding 
frames  and  the  correlator  output  is  used 
to  give  a display  similar  to  figure  2,  the 
position  of  the  central  peak  would 
represent  the  best  estimate  of  the  direc- 
tion, and  extent  of  the  movement,  of  an 
image  included  in  the  original  picture,  or 
alternatively  might  represent  a drift  in 
the  boresight  direction  of  the  camera. 

INTEGRATED  CORRELATOR 

A 32  bit  integrated  correlator  chip  has 
been  designed  using  an  n-channel  poly- 
silicon gate  technology.  This  device  con- 
tains two  32  bit  tapped  CCDs,  each  incor- 
porating facilities  for  feedback  lineari- 
sation. The  signal  register  taps  drive 
simple  IDS  multiplier  circuits^  (figure  4), 
the  outputs  of  which  are  taken  via  positive 
and  negative  coefficient  bus-bars  to  current 
summing  amplifiers.  The  amplifiers  are  at 
present  off-chip,  but  have  been  fabricated 
in  a CCD  compatible  technology  to  allow 
full  integration  in  future  designs.  The 
reference  register  taps  drive  the  other 
multiplier  terminal  via  sample  and  hold 
circuitry  to  provide  true  four  quadrant 
multiplication.  

CIRCUIT  DESCRIPTION 

A floating  gate  reset  technique' was 
utilised  for  the  tap  circuitry.  The  multi- 
plier circuit  (figure  4)  consists  of  two 
identical  MOS  transistors,  the  gates  of 
which  are  driven  in  anti-phase  about  a 
quiescent  voltage,  Vg,  by  a phase  splitter 
circuit.  The  phase  splitter  circuit  is 
driven  from  the  reference  register,  Vref. 

The  output  of  the  signal  register  taps, 

Vsig,  is  applied  to  the  drain  terminals  of 
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the  transistors,  the  source  terminals  being 
connected  to  the  positive  and  negative 
coefficient  current  summing  amplifiers. 

A first  order  approximation7  to  the  current 
flowing  in  the  MOSTs  is  given  by:- 

*D  " 8 <(VGS  - V VDS  ' VDS2/2)* 


V < V -V 
DS  GS  T 


whe  re  8 


VGS  * gate  to  source  voltage 
V - threshold  voltage 


Vpg  • drain  to  source  voltage. 


The  difference  in  the  drain  currents  flow- 
ing in  the  transistors  is  given  by:- 

A *d  ” 6 (vgsi  “ VDS 

and  since 
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the  difference  in  currents  may  be  written  as 

A I - 26  V . x V ,. 

D sig  ref 

A more  accurate  computer  simulation  of  the 
circuit  indicates  that  a multiplication 
accuracy  for  typical  signal  levels  of 
better  than  II  can  easily  be  achieved  by 
careful  design. 

The  operation  of  such  a multiplier  fabri- 
cated on  10  ft. cm,  p-type  material,  is  shown 
in  figure  5.  The  upper  and  lower  traces 
are  the  reference  and  signal  inputs 
respectively,  the  output  is  shown  in  the 
cen  tre . 

CONCLUSIONS 


It  has  been  shown  that  it  is  feasible  to 
use  CCDs  in  correlators.  Practical  tech- 
niques have  been  demonstrated  allowing  the 


design  of  a fully  integrated  analogue 
correlator  using  CCDs.  The  adoption  of 
these  devices  should  enable  high  speed 
real-time  processing  systems  of  small  size 
and  low  power  consumption  to  be  constructed. 
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Figure  5 Multiplier  Waveform* 
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ABSTRACT.  Analog  signal  processing  devices  which  use  a parallel  rather  than  a 
serial  architecture  will  be  described.  These  devices  perform  the  functions  of  delay,  time- 
base  expansion/compression  and  binary/analog  correlation.  The  fundamental  operating  prin- 
ciples as  well  as  the  unique  advantages  of  a parallel  architecture  such  as 

1 . Independent  input-output, 

2 . The  ability  to  do  permuted  as  well  as  sequential  sampling, 

3.  The  realization  of  long  retention  time  (exceeding  5 seconds  at  25°C),  and 

4 . The  ability  to  read  out  non-destructively. 


will  be  discussed. 


Key  features  of  each  device  as  well  as  performance  tradeoffs  inherent  in  differing 
device  designs  will  be  discussed.  Device  characteristics  and  performance  such  as  delay 
bandwidth  product,  signal  to  noise,  linearity,  etc.,  will  also  be  discussed. 


The  variety  of  applications  for  these  devices  is  extremely  broad.  It  ranges  from  low- 
frequency  geophysical  or  medical  instrumentation  to  high-frequency  communications  and 
radar.  Specific  applications  which  will  be  discussed  include  adaptive  transversal  filters, 
binary  and  p-n  sequence  correlators,  transient  recorders,  and  time-base  correctors. 


Sampled-data  signal-processing 
devices  for  producing  delay,  frequency  scale 
change,  time-base  expansion  or  compres- 
sion, etc.,  may  be  devised  using  either 
parallel  or  serial  storage  architecture.  The 
parallel  architecture  has  unique  advantages 
in  flexibility,  linearity,  and  speed  which 
complement  rather  than  compete  with  those 
of  charge-transfer  devices;  each  has  its 
field  of  application.  Of  necessity  compari- 
sons with  CTD  will  be  made.  Figure  1 lists 
in  tabular  form  some  of  the  salient  features 
to  be  discussed.  Some  of  these  features 
are  not  necessarily  unique  to  the  parallel- 


storage  architecture,  but  parallel  storage 
in  many  ways  provides  better  means  for 
exploiting  the  desired  features. 

Figure  2 is  an  updated  version  of  a 
curve  shown  by  Buss  and  Bailey  about  one 
and  one-half  years  ago. 1 This  updated 
version  shows  extension  of  the  operating 
region  into  both  a higher  sampling-rate 
area  and  a longer  time-delay  area;  both 
extensions  are  possible  because  of  the 
parallel  approach  with  its  feature  of  inde- 
pendent input  and  output.  Note  that  the 
independent  control  of  input  and  output 


. 


permit  operation  within  the  area  of  the  box 
above  the  T^W  = 10^  line  whereas  the  serial 
configuration  only  permits  operation  below 
the  line.  The  parallel  architecture  thus 
allows  considerable  extension  to  permissible 
areas  of  operation. 

To  describe  the  devices  and  their 
features,  let  us  take  several  concrete  exam- 
ples, each  illustrating  particular  features  or 
combinations.  Figure  3 shows  the  simplified 
equivalent  circuit  for  one  fairly  early  example 
of  the  parallel-storage  architecture.  This 
particular  device,  called  a Serial  Analog 
Memory  (SAM)  because  of  its  independence 
of  input  and  output,  has  64  memory  cells. 

Two  independent  shift  registers,  one  control- 
ling the  input  and  the  second  the  output, 
sequentially  activate  elements  from  the  two 
series  of  multiplex  switches.  The  first  regis- 
ter and  its  associated  multiplexer  sequential- 
ly time-samples  an  analog  input  signal,  stor- 
ing each  of  the  samples  on  discrete  capacitive 
storage  cells.  The  second  register  and  its 
associated  multiplexer  sequentially  interro- 
gate the  memory  elements,  connecting 
successive  stored  values  to  the  output  line. 

This  device  has  a sampling-rate  range 
from  5KHz  to  12MHz  and  a greater  than  55  db 
dynamic  range.  These  devices  have  been 
successfully  used  in  a number  of  applications 
ranging  from  simple  time  delay  to  time-base 
correction  of  video  signals  as  obtained  from 
video  tape  recorders. 

Figure  4 shows  a different  example 
of  the  parallel  architecture  in  the  form  of  a 
100-element  Serial  Analog  Delay  (SAD). 
Included  in  the  figure  is  the  peripheral  con- 
trol required.  The  device  is  similar  to  that 
of  Figure  3 except  that  it  does  not  have  the 
independence  of  control  of  the  input  and  out- 
put registers  of  Figure  3 . Each  of  the  delay 
channels  in  Figure  4 has  50  storage  elements 
so  arranged  that  each  storage  site  is  read 
out  just  prior  to  the  receipt  of  a new  sample, 
thus  giving  maximum  delay.  The  two  delay 
channels  are  normally  processed  in  staggered 
fashion,  thus  giving  a multiplexed  100-ele- 
ment delay  unit.  Additional  delay  or  higher 
effective  sampling  rate  can  be  achieved  by 


further  multiplexing  additional  packages. 

Note  that  this  multiplexing  is  free  from  prob- 
lems of  ghosting  - there  is  no  tailing  of  the 
signal  in  one  packet  into  adjacent  packets; 
each  sample  is  and  remains  discrete  and 
unique.  Improvements  in  processing  have 
permitted  a dynamic  range  exceeding  66  db 
with  permissible  input  levels  up  to  a peak 
value  of  approximately  5 volts. 

Figure  5 shows  the  simplified  equi- 
valent circuit  of  a Serial  Analog  Memory 
which  has  buffered  readout  of  the  memory. 
Along  with  the  independent  readin  and  read- 
out capability,  the  buffering  permits  non- 
destructive readout  as  well  as  the  interroga- 
tion of  more  than  one  memory  cell  at  a time. 

A binary  sequence  entered  into  the  output 
shift  register  can  thus  be  correlated  with 
the  signal  (analog  or  binary  as  desired) 
entered  into  the  memory  input.  Figure  6 
shows  the  correlation  function  of  two  binary 
sequences  derived  from  the  same  source, 
illustrating  the  functioning  of  the  correlator. 

The  ability  of  devices  with  buffered 
independent  readin  and  readout  to  provide 
correlation  processing  has  proved  so  impor- 
tant that  special  devices  have  been  designed 
to  perform  more  complex  processing.  Figure 
7 illustrates  the  simplified  circuit  of  such  a 
device.  This  device,  referred  to  as  a Serial 
Analog  Processor  (SAP),  in  its  simplest  form 
is  similar  to  the  memory  devices  illustrated 
previously  except  that  the  output  control  is 
by  means  of  a static  shift  register  whose 
flip-flop  elements  control  dual  output  buffer 
amplifiers.  Each  memory  cell  is  connected 
to  two  buffers,  one  to  give  positive  or  unit 
weighting,  the  other  negative  or  zero  weight- 
ing. Further,  the  static  shift  register  may 
have  its  data  circulated  in  either  direction. 
Buffer  outputs  are  in  the  form  of  currents 
which  are  collected  by  the  positive-  or 
negative-weight  output  lines.  Thus,  binary 
correlation  may  easily  be  obtained  as  above. 
If  the  circulation  is  reversed,  convolution 
may  be  obtained. 

The  above  devices  are  limited  to  a 
zero  or  one  for  each  weight  value.  However, 
it  is  possible  to  parallel  circuits  such  as 
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unique  characteristics  thus  becomes  possible. 


the  above  to  obtain  four-bit  or  greater  quan- 
tization of  each  weight.  Such  a combination 
is  not  limited  to  binary  signals;  it  permits 
discrete  time  correlation  or  convolution  of 
two  analog  signals  (one  of  which  is  conver- 
ted to  a binary  quantized  form).  But  correla- 
tion is  the  foundation  for  discrete-time 
filters,  so  that  highly  sophisticated  discrete- 
time filters  may  be  simply,  easily  and 
economically  built.  The  manifold  advantages 
of  discrete-time  processing  are  combined 
with  the  speed  and  convenience  of  analog 
processing  to  give  an  extremely  flexible, 
highly  precise  key  element  for  all  forms  of 
transversal  and  recursive  filters,  as  well  as 
being  applicable  to  the  more  obvious  correla- 
tion and  convolution  processing.  A sche- 
matic arrangement  is  illustrated  in  Figure  8. 

SAP  devices  have  been  made  with  16, 
32,  64  and  128  cells  (or  filter  taps);  four  such 
devices  can  then  give  any  of  16  possible 
positive  weights  (or  16  negative  weights) 
to  each  tap. 

Two  other  developments  permitted  by 
the  parallel  architecture  are  in  late  stages  of 
development.  The  first  takes  advantage  of 
recent  technology  to  obtain  very  low  residual 
thermal  pair  excitation  (leakage)  and  hence 
very  long  memory  retention  times  - of  the 
order  of  ten  seconds . Such  devices  have 
all  the  desirable  features  of  the  family  such 
as  high  sampling-rate  capability,  wide 
dynamic  range,  good  linearity,  etc.,  with 
the  added  capability  to  operate  at  very  low 
clock  frequencies  to  give  long  delay,  etc. 
Figure  9 illustrates  performance  of  this 
device.  The  lower  trace  shows  the  input 
signal  (with  an  abrupt  frequency  change) . 

The  upper  trace  shows  the  output  signal 
with  a delay  of  approximately  9 seconds. 

In  35  seconds,  stored  amplitude  decayed  to 
approximately  80%  of  initial  amplitude. 


In  summary,  the  parallel  architecture 
has  features  complementary  to  those  of 
charge-transfer  devices.  Certain  of  those 
features  such  as  convolution  processing  and 
decoded  input-sequence  selection  are  possi- 
ble only  with  the  parallel  architecture;  others 
are  more  easily  and  effectively  implemented 
in  the  parallel  form,  for  example  the  multi- 
bit weighting  of  a multi-tap  device.  Finally, 
the  physical  processing  is  such  that  func- 
tions such  as  switching  and  storage  are 
more  easily  optimized  in  the  parallel  archi- 
tecture . 
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The  second  development  capitalizes 
further  on  the  parallel-storage  architecture 
to  permit  decoded  random  selection  of  the 
input  storage  sequence.  Thus  arbitrary 
time-slot  selection  of  filter-tap  elements  is 
possible.  A filter  or  processor  of  new  and 
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o.  TIME  SCALE  CHANGES 

b CORRELATION  AND  CONVOLUTION  PROCESSING  POSSIBLE 

2.  POSSIBILITY  OF  NONDESTRUCTIVE  READOUT 

a REPEATED  READOUT 
b.  ISOLATION 

3.  REALIZATION  OF  VERY  LONG  RETENTION  TIMES 

4.  THE  ABILITY  TO  PERFORM  PERMUTED  AS  WELL  AS 
SEQUENTIAL  SAMPLING 

5.  HIGH  SAMPLING  RATE  WITHOUT  SUFFERING  TRANSFER 
INEFFICIENCY 

6.  LINEARITY  AND  WIDE  DYNAMIC  RANGE 

T.  PERFORMANCE  DIRECTLY  RELATED  TO  CELL  AREA 

Figure  1.  Advantages  Available  with  a Parallel  Processing  Approach 


10-5  iq-4  io-3  10'2  10-1  10°  101 

TIME  DELAY  Td 

Figure  2.  Useful  Time  Delay  vs.  Bandwidth 
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Figure  3.  Parallel-storage  Serial  Analog  Memory 
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Figure  4.  Duplex  Parallel -Storage  Serial  Analog  Delay 
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Figure  5.  Buffered  Parallel-storage  Serial  Analog  Memory 


Figure  6.  Correlation  Oscillogram  Obtained  for  Two  Binary  Sequences 
Using  the  Buffered  Serial  Analog  Memory  of  Figure  5. 
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Figure  7 . A More  General  Serial  Analog  Processor 
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Figure  8.  Schematic  Diagram  for  a 4-bit  Serial  Analog  Processor 


MULTIPLE  FILTER  CHARACTERISTICS  USING  A SINGLE  CCD  STRUCTURE 


A.  A.  Ibrahim  G.  J.  Hupe  L.  P.  Sellars 

Bell-Northern  Research,  Box  3511,  Station  C,  Ottawa,  Ontario 


ABSTRACT 


The  split  electrode  approach  to  the  design  and  implementation  of  on-chip  tap  weights 
has  been  generalized  to  obtain  several  types  of  filter  functions  using  a single  CCD  delay 
line.  The  concept  was  used  to  implement  two  types  of  transversal  filters  using  a 32 
stage  2 phase  CCD  delay  line.  The  0^  storage  electrodes  were  split  to  obtain  a low-pass 
filter  whereas  the  02  storage  electrodes  were  split  to  obtain  a bandpass  filter. 

The  design  and  operation  will  be  described  and  the  theoretical  and  experimental 
characteristics  will  be  compared.  An  analysis  of  the  tap  weight  errors  Introduced 
by  design  layout  aids  will  be  presented.  The  advantages  and  limitations  of  this  technique 
will  be  compared  to  the  single  filter  approach. 


INTRODUCTION: 

The  use  of  CCD's  in  transversal  filter 
applications  have  been  discussed  in  the 
literature(l_5) . In  all  these  studies  a 
single  CCD  delay  line  was  used  to  obtain  a 
single  type  of  filter  frequency  response. 
Although  different  CCD  structures  and  tech- 
nologies have  been  used  in  the  Implementation, 
the  design  principles  are  similar.  The  on- 
chip  tap  weights  were  achieved  by  splitting 
one  of  the  CCD  storage  electrodes  of  every 
delay  stage.  The  tap  weight  values  were 
obtained  by  varying  the  split  location 
along  the  channel  width  and  differentiating 
between  the  charge  signal  on  the  two  outputs. 
The  output  was  obtained  either  by  floating 
gate  voltage  sensing'2',  or  current  sensing 
methods(l«^) . The  trade-off  between  the 
two  methods  are  in  the  linearity  and  dynamic 
range  of  the  filter  output.  Using  these 
approaches  lowpass,  bandpass  and  highpass 
filters  have  been  fabricated.  Typical 
filter  parameters  of  50dB  rejection  in 
the  stopband,  ripples  of  less  than  0.2dB 
in  the  passband  and  linearity  of  50dB  were 
experimentally  obtained. (2>^' 

The  purpose  of  this  paper  is  to  discuss 
the  performance  of  CCD  transversal  filters 


where  a single  CCD  was  used  to  obtain 
two  different  types  of  filters. 

DEVICE  DESCRIPTION 

Figure  (1)  shows  a schematic  diagram 
of  the  structure  as  applied  to  the  two 
phase  CCD's.  As  shown,  not  only  0i 
storage  electrodes  are  split  to  form  one 
type  of  filter  function  but  also  02  storage 
electrodes  are  split  to  obtain  another 
type.  Each  clock  phase  has  a positive 
and  negative  output.  The  circuit  was 
designed  to  operate  with  the  floating 
gate  voltage  sensing  technique  as  shown 
in  Figure  (2a).  Figure  (2b)  shows  the 
timing  diagram  for  the  circuit  operation. 
For  signal  sensing  under  0^  electrodes, 

01  goes  high  and  the  potential  of  the 
floating  gates  increases  positively  until 
013  is  applied.  Through  bootstrap  action, 
the  potential  at  A becomes  stable  and  the 
electrodes  are  left  floating.  At  this 
point  02  goes  low  and  charge  is  transfered 
to  the  floating  gate  causing  a drop  in 
the  surface  potential.  This  change  is 
measured  at  the  source  follower  output 
using  sample  and  hold  pulse  0^g.  A 
similar  reset  and  sample  and  hold  timing 
scheme  is  applied  on  02  floating  gate 


245 


electrodes. 

Figure  (3)  shows  the  test  chip  used 
to  evaluate  the  structure.  It  consists 
of  33  stages  of  CCD  delays.  A 32  tap 
lowpass  and  32  tap  bandpass  filters  were 
Implemented  under  0^  and  02  storage 
electrodes  respectively  using  split  elect- 
rode technique.  The  33rd  stage  was  used 
to  monitor  the  output  charge  signal  for 
efficiency  of  transfer  measurements. 

The  structure  was  fabricated  using  n- 
channel  two-level  polysilicon  gate 
technology  on  3 8 cm  p-type  silicon 
substrate.  Input  and  output  logic  and 
timing  circuitry  were  fabricated  on  the 
same  chip  using  n-channel  MOS  transistors. 
Also  protection  against  surge  pulses 
were  fabricated  on  the  address  lines. 

At  the  split  In  each  electrode  a 
floating  diffusion  was  used  to  couple 
the  two  channels  under  the  positive  and 
negative  sections.  Thus  the  surface 
potential  across  the  channel  will  be 
equal.  In  the  current  sensing  method, 
where  a constant  voltage  is  maintained 
on  the  gate,  the  diffusion  will  equalize 
the  charge  density  in  both  sides  and 
consequently  when  the  next  transfer 
occurs  the  charge  will  split  according 
to  the  new  capacitive  ratio.  The  charge 
equalization  could  have  been  established 
during  the  transfer  process  if  a true 
four  phase  clocking  system  had  been  used. 
However,  in  the  devices  discussed  here, 
the  sample  & hold  pulse  has  to  occur 
as  shown  in  Figure  2(b),  immediately 
after  the  charge  transfer,  so  that  the 
voltage  change  is  measured  before  surface 
potential  equalization  can  be  established. 

A LINFIR  (Linear  phase  impulse  response) 
program,  which  is  an  adaptation  of  the 
Parks,  McClellan  and  Rabiner^"'  program, 
was  used  for  the  design  and  performance 
measurement  of  Linear  phase  transversal 
filter.  Also  a MCPOST  (Monte  Carlo  post 
processor)  program  was  used  to  analyze 
the  effect  of  random  tap  weight  errors. 

The  layout  and  process  errors  have  been 
compensated  for  , using  inhouse  developed 
CAD  program.  Figure  (A)  shows  the  impulse 
frequency  response  of  the  two  filters. 

The  operation  will  be  described  and 
the  theoretical  and  experimental  charact- 
eristics will  be  compared.  An  analysis 


of  tap  weight  error  introduced  by  design 
layout  aids  will  be  presented.  The 
advantage  and  limitation  of  this  design 
technique  will  be  compared  with  the 
with  the  single  filter  approach. 
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APPLICATIONS  OF  A CCD  LOW-PASS  TRANSVERSAL  FILTER 


R.D.  Baertsch 
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ABSTRACT  The  application  of  a CCD  low  pass  filter  to  several  different 
systems  Is  described.  These  applications  include;  a channel  filter  for 
a frequency  division  multiplex  communication  system,  an  anti-alias  filter 
for  a time  division  multiplex  comnunication  system,  an  anti-alias  filter 
for  a digital  monitoring  system  and  an  interface  between  two  asynchronous 
sampled  data  systems. 


INTRODUCTION 


Low  pass  filters  are  required 
in  a large  number  of  systems.  In 
some  cases  the  required  filter 
characteristics  are  easily  obtained 
with  simple  passive  networks,  but 
in  many  cases,  system  performance 
can  be  improved  if  higher  performance 
filters  are  used.  Until  now,  it  may 
not  have  been  economically  attrac- 
tive to  use  higher  quality  filters 
in  these  applications,  but  with  the 
advent  of  low  cost  CCD  low-pass 
transversal  filters  having  very  sharp 
cut-off  characteristics  and  low  in- 
band  ripple,  many  opportunities  now 
exist  for  improving  cost /perfor- 
mance by  upgrading  the  quality  of  the 
low  pass  filters. 


a factor  of  three  or  four  so  as  to 
move  the  Nyquist  frequency  suf- 
ficiently far  above  the  signal  pass 
band  that  a relatively  simple  fil- 
ter can  suffice.  While  this  prac- 
tice simplifies  the  filter,  it 
requires  that  three  to  four  times 
as  many  samples  be  stored,  processed, 
or  transmitted  (depending  on  the 
system)  as  are  actually  needed. 


Sampled  data  analog  systems, 
for  example,  all  require  a low  pass 
filter  for  the  elimination  of  alias 
responses.  This  filter  must  have  a 
pass  band  that  is  adequate  for  the 
signal  bandwidth,  but  for  typical 
applications  it  must  be  down  by  40 
to  50  dB  by  the  Nyquist  frequency. 
In  the  past,  this  has  been  accom- 
plished by  oversampling  the  data  by 


In  these  cases,  a low-pass  fil- 
ter with  sharper  cut-off  charac- 
teristics can  reduce  the  number  of 
samples  that  have  to  be  stored 
(thereby  effecting  a cost  saving  in 
memory)  or  processed  (thereby  ef- 
fecting a saving  in  CPU  loading)  or 
transmitted  (thereby  effecting  a 
saving  in  bandwidth). 


Sampled  data  systems  whose  pass 
bands  are  close  to  the  Nyquist  limit 
also  pose  problems  at  the  output 
end.  Since  the  sample  rate  is  only 
about  one  octave  above  the  pass 
band  edge,  it  is  alsc  necessary  to 
employ  a high  quality  low  pass  fil- 
ter at  the  output  of  these  systems. 
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The  function  of  the  CCD  low-pass  fil- 
ter Is  to  perform  an  Interpolation 
between  the  output  samples,  thereby 
Increasing  the  sample  rate  without 
appreciably  changing  the  signal  spec- 
trum. 

An  experimental  CCD  low-pass 
filter  has  been  designed  and  tested, 
and  the  application  of  this  filter 
to  a number  of  systems  has  been 
explored.  The  frequency  character- 
istics of  this  filter  are  first  pre- 
sented, and  the  application  of  this 
filter  to  the  following  systems  Is 
then  discussed  in  detail: 

A.  Frequency  division  multiplexed 
channel  filter. 

B.  Allas  filter  for  time  division 
multiplexed  communication  system. 

C.  Allas  filter  for  digital  patient 
monitoring  system. 

D.  Interface  between  two  asynchronous 
sampled  data  systems. 

1.  Video  communications  system. 

2.  ERTS  image  processor. 

II.  FILTER  CHARACTERISTICS 

The  low-pass  filter  discussed 
In  this  paper  was  designed  for  the 
frequency  division  multiplexed 
communication  application  discussed 
in  the  following  section.  The  pass 
band  for  each  channel  extends  from 
200  Hz  to  3200  Hz,  and  the  channels 
are  to  be  frequency  division  multi- 
plexed on  4.0  KHz  centers.  Thus, 
the  stop  band  to  pass  band  ratio 
required  is  4. 2/3. 2 = 1.31. 

Within  the  pass  band,  the  ripple 
may  not  exceed  0.1  dB,  and  the  ad- 
jacent channel  suppression  must  be 
greater  than  34  dB.  Using  the  Parks 
and  McClellan  algorithm,^)  a 63  tap 


filter  design  was  generated  where 
the  pass  band  and  stop  band  edges 
were  chosen  to  be  0.1  and  0.131  times 
a clock  frequency  of  32  KHz,  respec- 
tively. 

The  resulting  tap  weight  values 
were  rounded  off  to  the  closest  of 
600  discrete  values  to  accommodate 
the  automatic  mask  making  apparatus 
that  was  used  to  generate  the  art 
work  for  the  chip,  thereby  intro- 
ducing a tap  weight  roundoff  error 
of  at  most  one  part  in  1200  at  each 
tap.  A comparison  between  the  cal- 
culated and  measured  performance  of 
this  filter  is  shown  in  Fig.  I.'2) 
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CALCULATED  FILTER  RESPONSE 


ORSERVED  FILTER  RESPONSE 
Fig.  1-CCD  low  pass  filter  response 


in  Fig.  2. 
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A cap  weight  accuracy  of  Che  order 
of  0.1rf  due  to  random  processing 
variations  can  be  achieved  in  prac- 
tice.^,1*) This  is  comparable  to 
the  roundoff  error. 

III.  SYSTEM  APPLICATIONS 

A.  FREQUENCY  DIVISION  MULTIPLEXED 
CHANNEL  FILTER 

In  this  application,  each  chan- 
nel is  represented  as  a single  side- 
band signal  of  3>0  KHz  bandwidth 
(200  Hz-3.2  KHz)  with  channels  on 
4.0  KHz  centers.  These  channels  are 
conventionally  separated  with  a bank 
of  high  quality  band  pass  elliptic 
filters  whose  outputs  are  then 
modulated  to  the  audio  range.  Al- 
though this  approach  could  be  imple- 
mented directly  with  appropriate  CCD 
band  pass  filters,  the  passive  band 
pass  filter  cannot  be  eliminated  be- 
cause of  the  alias  responses  of  the 
CCD.  A preferable  approach  from  the 
point  of  view  of  cost  appears  to  be 
to  perform  the  band  pass  function 
with  low  pass  filters  rather  than 
with  band  pass  filters.'^'  This 
introduces  a problem  of  image  rejec- 
tion, which  is  not  present  when  band 
pass  filters  are  employed,  but  it  can 

I be  solved  either  by  phase  cancella- 

tion or  by  using  the  Weaver  method. 

In  the  Weaver  method,  the  desired 
channel  is  first  modulated  to  base 
band  I and  Q channels  with  appro- 
priate modulators,  and  these  are  low 
pass  filtered  and  combined  to  form 
the  desired  audio  signal  as  shown 
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Fig.  2-Block  diagram  of  Weaver  de- 
modulator 


In  the  CCD  Implementation, 
which  is  inherently  a sampled  sys- 
tem, the  function  of  the  modulators 
can  be  provided  automatically  by  the 
samplers  themselves.  Since  these 
samplers  can  be  operated  from  a 
frequency  divider  driven  by  a single 
clock  running  at  four  times  the  sam- 
ple rate,  a precise  90°  phase  shift 
can  be  obtained  without  using  any 
critically  balanced  components .' 

A block  diagram  showing  this  imple- 
mentation is  shown  in  Fig.  3. 


Fig.  3 "CCD  implementation  ot  Weaver 
demodulator 

In  addition  to  the  CCD  low  pass 
filter,  an  analog  filler  must  also 
be  employed  to  eliminate  the  alias 
response  of  the  CCD.  For  the  filter 
described  above,  where  the  pass  band 
extends  to  .13  times  the  sample 
rate,  the  analog  filter  must  be 
down  by  about  40  dB  at  .87  times  the 
sample  rate.  This  can  be  accomplished 
by  a three  pole  filter  (one  pole 
on  the  real  axis  plus  one  conjugate 
pair)  and  can  be  implemented  with  a 
single  op-amp.  The  responses  of 
the  CCD  filter  and  the  three  pole 
Chebyshev  filter  are  shown  super- 
posed in  Fig.  4.  Since  the  combined 
response  is  the  product  of  the  two 
individual  filters,  the  net  result 
is  a single  sharp  cut-off  low  pass 
filter  with  no  alias  responses. 

Previous  attempts  to  use  the 
Weaver  method  have  been  limited  by 
phase  tracking  errors  in  the  law 
pass  filters.  This  problem  is 
considerably  alleviated  by  using 
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Fig.  4-Alias  response  of  CCD  filter 
and  3 pole  Chebyshev  anti- 
alias filter 

CCD's  because  their  phase  shift 
characteristics  are  independent  of 
component  variations  and  are  there- 
fore much  easier  to  control.  Excel- 
lent band  pass  characteristics  were 
obtained  as  shown  in  Fig.  5,  and 
suppression  of  spurious  responses  by 
an  average  of  45  dB  was  achieved  as 
indicated  in  Fig.  6. 
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Fig.  5-Band  pass  characteristics  of 
the  CCD  weaver  demodulator 
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Fig.  6-Out  of  band  suppression  of 
the  CCD  Weaver  demodulator 


B.  TIME  DIVISION  MULTIPLEXED  COMMU- 
NICATIONS SYSTEM 

In  this  system,  24  audio  chan- 
nels are  low  pass  filtered  and  sam- 
pled at  8.0  KHz,  and  these  samples 
are  multiplexed  and  converted  to  a 
digital  data  stream  by  a single  A/D 
converter  and  transmitted.  At  the 
receiving  end,  the  samples  are  con- 
verted back  to  analog  by  a single 
high  speed  D/A  converter  and  de- 
multiplexed in  the  analog  domain. 

In  this  application,  the  most  signi- 
ficant aspect  is  cost.  CCD  low  pass 
input  filters  appear  advantageous 
because  most  of  the  overhead  circuitry 
can  be  shared  by  all  of  the  filters. 
Under  these  conditions,  the  trade- 
off is  between  two  or  three  active 
filter  stages  with  precision  trinmed 
components  and  the  CCD  filter  chip 
and  its  associated  level -shift  and 
signal  recovery  circuits.  From  the 
point  of  view  of  component  count, 
this  trade-off  is  approximately  equal, 
but  in  terms  of  component  tolerance 
and  immunity  to  component  drift,  the 
CCD  approach  appears  preferable. 

C.  DIGITAL  MONITORING  SYSTEM 

The  amount  of  risk  associated 
with  recovery  from  serious  illness 
can  be  dramatically  reduced  by  con- 
tinuous monitoring  of  physiological 
data  such  as  the  electrocardiogram. 
Since  the  warning  signs  contained 
in  these  data  are  sometimes  quite 
subtle,  digital  processing  appears 
to  be  the  most  practical  approach 
for  automatically  providing  appro- 
priate warning  signals.  Since  the 
output  signals  from  the  transducers 
are  sampled,  a low  pass  filter  must 
be  provided  to  prevent  distortion  due 
to  frequency  folding.  This  filter 
should  fall  off  as  sharply  as  pos- 
sible so  that  oversampling  is  not 
required,  but  to  prevent  phase 
distortion,  it  should  also  have  a 
linear  phase  response.  A further 
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complication  is  the  relatively  low 
cut-off  frequency  required.  (For  an 
ECG  waveform,  a bandwidth  of  about 
50  Hz  is  appropriate.)  The  conven- 
tional solution  to  this  problem  is 
to  use  a low  pass  filter  with  a cut- 
off frequency  several  times  higher 
than  necessary  and  to  oversample  by 
a factor  of  two  or  three.  This 
approach  reduces  the  bulk  of  the  fil- 
ter and  permits  good  phase  response, 
but  memory  requirements  and  proces- 
sor speeds  are  increased.  In  this 
application,  the  linear  phase  and 
sharp  cut-off  characteristics  of 
CCD  filters  such  as  the  one  described 
above  provide  a more  optimum  solution. 
The  cut-off  frequency  can  be  reduced 
to  the  appropriate  value  with  no 
increase  in  component  size  or  degra- 
dation of  phase  response,  so  opera- 
tion up  to  about  80#  of  the  Nyquist 
limit  becomes  practical.  This  means 
that  the  digital  system  only  sees 
about  half  as  many  samples  for  a 
given  bandwidth  as  in  the  conventional 
approach,  and  it  therefore  can  handle 
more  patients. 

D.  INTERPOLATION 

There  are  a number  of  cases 
where  a continuous  analog  signal 
needs  to  be  recovered  from  a sampled 
data  system.  This  is  usually 
done  by  holding  each  sample  for  the 
duration  of  each  clock  period  and 
passing  the  resulting  staircase  wave- 
form through  a low  pass  filter.  If 
this  output  signal  has  to  be  sampled 
a second  time,  and  if  the  clock 
frequency  of  the  first  sample  rate 
gets  through  the  low  pass  filter, 
the  clock  frequency  components  may 
be  folded  back  by  the  second  sampling 
operation  and  cause  alias  distortion. 
Although  this  problem  is  usually  not 
severe,  it  can  be  a problem  when  the 
signals  represent  video  images.  In 
this  case,  phase  distortion  is  not 
acceptable,  and  conventional  low 
pass  filters  cannot  be  used.  Two 


examples  where  this  problem  has 
appeared  are: 

1.  A sanpled  data  video  transmission 
system  in  which  the  clock  frequencies 
of  the  camera,  the  transmission  link 
and  the  display  are  all  asynchronous. 

2.  The  generation  of  rectilinear 
raster  data  from  raw  ERTS  data.  In 
this  case,  the  direction  of  the  scan 
lines  from  the  satellite  data  do 
not  conform  to  the  raster  direction, 
and  the  spacing  of  the  scan  lines 
does  not  conform  to  the  spacing  of 
the  raster  lines.  One  approach 
toward  generating  the  interpolated 
data  for  the  output  raster  is  to 
reconstruct  a band  limited  continuous 
signal  from  the  samples  of  raw  data 
and  to  resample  this  continuous  signal 
at  the  points  corresponding  to  the 
pixel  locations  along  the  raster. 


Fig.  7-An  example  of  interpolation. 

This  approach  can  be  conven- 
iently Implemented  with  CCD  low  pass 
filters  of  the  type  described  above 
followed  by  a simple  analog  filter. 

The  function  of  the  CCD  is  to 
provide  a large  number  of  interpo- 
lated sample  values  at  a higher 
sample  rate  than  that  of  the  input 
samples  as  shown  in  Fig.  7.  The 
output  sample  stream  can  be  filtered 
by  a much  simpler  analog  filter  than 
would  have  otherwise  been  required 
because  the  clock  frequency  has  now 
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been  moved  much  farther  away  from 
the  signal  pass  band. 
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ABSTRACT  - Sampled  analog  comb  filters  using  a recursive  implementation  with  CCD's  as 
the  delay  elements  are  studied.  A theoretical  analysis  based  essentially  on  digital  recur- 
sive filters  is  developed  with  modifications  taking  into  account  that  a CCD  delay  generally 
consists  of  more  than  one  delay  stage.  Using  the  standard  Z and  the  bilinear  Z trans- 
forms, transfer  functions  of  a lowpass  and  a highpass  continuous  filter  are  transformed 
into  H(Z)  forms  suitable  for  CCD  implementations.  Design  formulas  for  both  the  can- 
celler type  and  integrator  type  comb  filters  using  one  CCD  delay  are  obtained.  Six  differ- 
ent comb  filters  are  implemented  using  an  8-bit  two-phase  P surface  channel  CCD  clocked 
at  20  kHz.  The  agreement  between  measurements  and  theoretical  calculations  is  encour- 
aging. Possible  causes  for  the  deviation  from  theory  are  discussed.  The  bilinear  Z 
transform  design  procedure  is  shown  to  be  superior  because  it  provides  a zero  in  the 
transfer  function  which  leads  to  theoretically  infinite  attenuation  at  a series  of  periodi- 
cally separated  null  frequencies.  Applications  of  this  type  of  comb  filter  to  either 
suppress  or  to  enhance  a signal  having  periodic  spectrum  are  suggested.  The  work  per- 
formed was  partially  supported  by  the  Naval  Electronics  Systems  Command  and  the  Naval 
Postgraduate  School  Research  Foundation. 


1.  INTRODUCTION 

Designers  of  sampled  analog  CCD 
signal  processors  have  concentrated  main- 
ly on  transversal  filters,(  2,  3)  correla- 
tors, (4)  chirp  Z transformers,  (5,6)  and 

two-dimensional  transforms.  (7,  8)  This 

paper  discusses  sampled  analog  recursive 
filters,  which  have  not  received  as  much 
prior  attention.  They  were  first  studied 
using  a BBD  as  the  delay  elements  (9,  10) 
and,  recently,  a three-pole(l  1 ) and  a two- 
pole/one  zero(12)  CCD  recursive  filter 
and  a one-pole  CCD  recursive  integrator 
(15)  have  been  reported. 

This  paper  addresses  three  aspects 
of  sampled  analog  CCD  recursive  comb 
filters:  theory,  experimental  results, 
and  possible  applications.  The  general 
characteristics  of  comb  filters  are  high- 
lighted in  Section  2,  and  their  recursive 
implementations  are  described.  In  Sec- 
tion 3,  a theoretical  analysis  based  essen- 
tially on  digital  recursive  filter  theory  is 


presented.  Modifications  of  the  digital 
theory  to  fit  the  sampled  analog  recursive 
filter  case  are  provided.  Measured  re- 
sults of  recursive  comb  filters  using  an 
8-bit,  two-phase,  P surface  channel  CCD 
delay  line  are  presented  and  compared 
with  theoretical  calculations  in  Section  4. 
The  agreement  is  generally  close  at  low 
frequencies  but  deteriorates  as  the  fre- 
quency is  increased  or  as  the  order  of 
comb  teeth  is  increased.  However,  the 
feasibility  of  using  a CCD  to  implement  a 
recursive  comb  filter  is  confirmed.  Pos- 
sible applications  using  this  type  of  comb 
filter  are  discussed  in  Section  5. 


2.  COMB  FILTER  AND  RECURSIVE 
IMPLEMENTATION' 

Comb  filters  are  characterized  by 
their  periodic  transfer  characteristics  in 
the  frequency  domain.  They  can  be  clas- 
sified into  two  general  types.  The  first 
type  is  the  bandstop  or  canceller  type 


shown  in  Figure  la.  It  has  strong  attenua- 
tion in  a narrow  neighborhood  of  a series 
of  periodically  separated  frequencies  and 
good  transmission  in  between.  The  sec- 
ond type  is  the  bandpass  or  integrator 
type  shown  in  Figure  lb.  It  has  good 
transmission  in  a narrow  neighborhood  of 
a series  of  periodically  separated  frequen- 
cies and  strong  attenuation  in  between. 


Figure  1.  Frequency  Characteristics  of 
Two  General  Types  of  Comb 
Filters  — Bandstop,  Canceller 
Type,  and  Bandpass,  Inte- 
grator Type 


Both  analog  comb  filters  (17,  18,  19)  and 
digital  comb  filters  (20,21)  have  been  de- 
veloped based  on  several  different  imple- 
mentation techniques:  feedforward, 
frequency  sampling/22'  fast  Fourier 
transform,  and  recursion.  All  use  delay 
devices  in  some  manner. 

In  the  analog  case,  a quartz  delay 
line  has  been  the  major  candidate.  For 
digital,  the  delay  device  is  the  shift  reg- 
ister. However,  a new  family  of  comb 
filters  is  being  developed  using  a different 
type  of  integrated  circuit  delay  device, 
such  as  the  BBD  (bucket  brigade  device), 
CCD  (charge  coupled  device),  and  SAD 
(serial  analog  delay). '2^'  In  these,  analog 
signals  are  first  sampled  and  then  delayed. 
As  a result  of  the  sampling,  these  devices 
not  only  have  standard  analog  properties 
but  also  some  digital  properties  such  as 
aliasing  and  stability  of  delay. 

Using  these  integrated  circuit  delay 
devices,  sampled  analog  comb  filters  are 
being  developed  based  on  the  feedforward 
circuit/*  !4,  15)  chirp  Z transform, 
and  recursive  filter  implementations. 
(9,10,11,12) 

We  are  studying  the  recursive  imple- 
mentation using  the  canonical  circuit  shown 
in  Figure  2.  The  results  presented  use 
only  one  CCD  delay  device,  i.  e.  , bz  = 0, 
a2  = 0.  However,  the  delay  device  con- 
sists of  N delay  stages  (in  the  experimen- 
tal study,  N = 8.)  As  shown  in  later  sec- 
tions, the  presence  of  N stages  of  delay  in 


Figure  2.  Canonical  Form  of  a Second 
Order  Recursive  Filter 
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one  delay  device  can  be  used  to  advantage 
in  providing  the  comb  feature  of  the  fre- 
quency characteristics  and  also  very  large 
attenuation  between  these  comb  teeth. 


instructive  , and  we  will  present  it  in  this 
paper  using  two  of  the  four  transforms 
listed  earlier  (standard  Z transform  and 
bilinear  Z transform). 


The  reason  for  this  is  that,  since  the 
signal  is  delayed  N clock  periods  before  it 
is  fed  back  to  the  input,  the  frequency  of 
recursive  operation,  fr,  is  only  one  of 

the  clock  frequency,  fc  (or  sampling  fre- 
quency). Therefore,  the  frequency  char- 
acteristics of  the  recursive  filter  are 
periodic  with  the  frequency  fr.  Since 
fr  = fc/N,  there  are  N/2  teeth  within  the 
Nyquist  frequency  range  from  0 to  fc/2. 
This  is  in  contrast  to  the  usual  digital  re- 
cursive filters  where  the  recursions  take 
place  after  each  delay  stage,  resulting  in 
only  one  comb  tooth  within  the  Nyquist 
range.  Since  there  are  now  N/2  teeth,  a 
proper  design  procedure  which  introduces 
a zero  at  the  recursion  frequency  fr  will 
provide  infinite  attenuation,  in  principle, 
at  each  of  these  teeth  even  when  only  one 
delay  element  is  used.  The  procedure  is 
known  as  the  bilinear  Z transform. 

3.  THEORY 

Since  the  sampled  analog  recursive 
filters  are  implemented  by  the  same  cir- 
cuit configurations  used  for  digital  recur- 
sive filters,  we  know  intuitively  that  the 
theory  of  digital  recursive  filters  should 
apply.  However,  proper  modifications 
must  be  made  to  account  for  the  fac!  that 
the  signal  is  now  sampled-analog  and  that 
the  delay  device  now  consists  of  N delay 
stages  instead  of  one. 

It  is  known  that  two  general  design 
approaches  have  been  developed  for  the  IIR 
(infinite  impulse  response)  type  digital  re- 
cursive filter.  The  first  approach  is  in- 
direct. It  starts  with  the  transfer  function 
in  the  Laplace  transform  variable  S of  a 
continuous  filter  and  follows  by  digitizing 
the  transfer  function  H(S)  into  a transfer 
function  in  the  discrete  time  variable  Z. 
Many  different  transforms  are  employed 
such  as  mapping  by  differential  transform, 
impulse  invariant  (standard  Z)  transform, 
bilinear  Z transform,  and  matched  Z 
transform.  The  second  approach  is  a 
direct  digital  design  in  either  the  frequency 
domain  or  the  time  domain  using  some  type 
of  computer  aided  design  procedure. 


The  modification  used  to  take  into 
account  the  fact  that  one  CCD  delay  device 
consists  of  N delay  stages  will  be  described. 
In  conventional  digital  filter  theory, 
is  used  to  represent  a delay  of  one  clock 
period.  For  a recursive  filter  using  only 
one  CCD  device  of  N delay  stages,  the 
transfer  function  is 


aMz  ^ + a. 
— ° 
b„,z  " + 1 


N 


(1) 


In  other  words,  it  is  actually  an  N111  order 
recursive  filter  but  with  many  of  its  coef- 
ficients, a j,  ...  aj,  bjj_j,  ...  bj, 
equal  to  zero. 

The  analysis  can  be  simplified  great- 
ly if  we  consider  the  N clock  delay  stages 
as  "one  recursion"  delay  stage  with  its 
corresponding  recursion  frequency 
f]j  = f<j/N,  then  the  transfer  function  is 
simplified  to 


H(z)  = 


alz~*  + ap 
bjZ-  + 1 


(2) 


with  the  understanding  that  Z_1  actually 
consists  of  N clock  periods  of  delay  and 
that  its  frequency  characteristics  are 
periodic  with  respect  to  fr  and  have  N/2 
comb  teeth  in  the  frequency  range  from 
0 to  fc/2,  the  Nyquist  limit.  Because 
there  is  now  more  than  one  period  in  the 
frequency  characteristics  (or  more  than 
one  tooth),  the  effects  due  to  sampling 
and/or  the  sample  and  hold  circuit 
should  be  taken  into  account  in  the  theory. 
Only  the  effect  due  to  the  sample  and  hold 
circuit  is  considered  in  this  paper,  and  it 
is  discussed  in  Section  4. 


Using  this  straightforward  modifica- 
tion and  the  well  developed  digital  recur- 
sive filter  theory,  a set  of  design  formulas 
was  derived  for  a first  order  lowpass 
filter 


We  feel  that  the  direct  approach  using 
the  frequency  domain  is  probably  more 


H(S)  = 
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and  a highpass  filter 


H(S) 


where  = 3 dB  corner  frequency.  The 
following  two  transforms  are  used: 

ST 

Standard  Z transform  Z = e 

2 2- 1 

Bilinear  Z transform  S = 

where  T = N -jJ-  , the  CCD  delay, 
c 


Table  1.  Summary  of  Design  Formula  of 
Sampled  Analog  Recursive  Comb 
Filter  Using  One  CCD  Delay 


Design 

Filter 

Coefficients 

Method 

Type 

*0 

*i 

°i 

Standard  Z 

Low  pas  s, 
integrator 

1 

U> 

0 

-",T 

-e 

Low  pass, 
canceller 

wx  1 

’ *", 

-w  T 
% 

e 

Highpass, 

canceller 

wx  1 

1 • kl 

-w  T 
-e  x 

-•*T 

-e 

Highpass, 

integrator 

1 

zr>  t 

Cal 

0 

-“,T 

e 

Bilinear  Z 

Lowpass, 

integrator 

w T 

u T 

w T - 2 | 

"c  ? 

X 

ZTTTT 

♦ z 1 

Lowpass, 

canceller 

"x  1 

",T 

"xT 

L T - 2 1 

1 x 

wc  * 

uTTTT 

X 

„xt  * i 

kT  f 1 \ 

Highpass, 

canceller 

wx  . l_ 

2 

-2 

jui^T  - 2 | 

wTT7 

wTTT 

Highpass, 

integrator 

"x  1 

2 

-2 

1 w T - 2 1 

1 X 

w f ♦ J 

Li  T ♦ 2 

1 a 1 

Without  presenting  the  derivations  in 
detail,  the  results  are  summarized  in 
Table  1.  It  should  be  pointed  out  that  an 
approximation,  tan  u)/<t)c  a u/uc,  was 
vised.  The  cases  of  integrator  type  comb 
filters  and  cancellor  type  comb  filters 
are  listed  separately.  They  are  deter- 
mined by  the  relative  signs  of  the  coeffi- 
cients a0,  aj,  and  bj.  The  theoretical 
frequency  characteristics  of  six  special 
cases  are  presented  as  solid  curves  in 
Figures  3 through  7.  The  cases  that  have 
been  implemented  and  measured  experi- 
mentally are  summarized  in  Table  2. 

The  coefficients  have  all  been  normalized 
to  unity.  Their  comb  filter  character- 
istics are  also  plotted  in  relative  ampli- 
tudes in  Figures  3 through  8.  In  Figure 
8,  the  theoretical  comb  filter  character- 
istics are  modified  by  taking  into  account 
the  effect  of  the  sample  and  hold  circuit. 
This  introduces  a factor  of  sin  (it  k/N)/ 
(irk/N),  where  k = the  order  of  the  comb 
tooth.  Discussions  relating  to  this  cor- 
rection are  given  in  Section  4. 


Table  2.  Summary  of  Six  Experimental 
Sampled  Analog  Recursive 
Filter  Cases 


Design 

Method 

Filter 

Type 

Coefficients 

Figure 

*0 

*1 

»■ 

Standard  Z 

Highpass, 

integrator 

1 

0 

0.7 

3 

Lowpass, 

integrator 

1 

0 

-0.  3 

4 

Lowpass, 

canceller 

1 

, 

0.7 

5 

Lowpass, 

canceller 

1 

1 

0.  3 

6 

Bilinear  Z 

Lowpass, 

integrator 

1 

1 

-0.9 

7 

Highpass, 

integrator 

1 

-1 

0.7 

8 

NOTE:  8-bit,  2 phase,  surface  channel  CCD  (Figure  9) 


f = 20  kH* 
c 

Circuit  schematic  (Figure  11) 
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Figure  7.  Lowpasa  Integrator  Filter  — 
Frequency  Characteristics 
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Figure  8.  Highpass  Integrator  Filter  — 
Frequency  Characteristics 


To  demonstrate  the  feasibility  of  using 
CCD  as  delay  elements  for  the  implemen- 
tation of  sampled  analog  recursive  comb 
filters  and  also  to  verify  the  validity  of 
the  theoretical  analysis  presented  in  Sec- 
tion 3,  six  cases  of  comb  filters  are  im- 
plemented. They  are  listed  in  Table  2. 

The  table  includes  both  canceller  type  and 
integrator  type  comb  filters  whose  Z 
transform  transfer  functions  were  obtained 
from  both  lowpass  and  highpass  continuous 
filters.  The  CCD  used  is  a two-phase, 
overlapping  gate,  P surface  channel,  8-bit 
CCD.  Its  physical  description  is  presented 
in  Figure  9.  Its  output  circuit  consists  of 
a reverse  biased  floating  diode,  gated  by  a 
reset  MOSFET  and  followed  by  a MOSFET 
source  follower.  The  load  resistor  is 
connected  off  the  chip.  Its  input  circuit 
consists  of  one  diode,  pulsed  to  a forward 
biased  condition,  and  four  gates  with  ap- 
propriate dc  bias  applied. 


Figure  9.  Cross-Sectional  View  of  Two 
Phase,  Overlapping  Gate,  P 
Surface  Channel  CCD 


The  electrical  signal  can  be  fed  into 
the  CCD  either  at  the  diode  or  at  a gate. 

In  this  study,  an  input  signal  technique 
known  variously  as  the  surface  potential 
equilibration  method,  the  fill  and  drain 
method,  or  the  Bcuppering  method  is  used. 
To  carry  out  this  input  procedure,  a clock 
pulse  is  applied  to  the  diode,  and  dc  volt- 
ages of  various  levels  are  applied  to  the 
gates.  The  signal  is  applied  to  one  of  the 
gates.  The  combination  of  third  and  fourth 


gates  provides  one  of  the  widest  dynamic 
ranges,  as  shown  in  Figure  10,  The  fig- 
ure presents  the  output  voltage  measured 
after  the  sample  and  hold  circuit  as  a 
function  of  the  input  signal  expressed  by  a 
varying  dc  voltage  level  at  the  third  gate. 
The  bias  voltage  on  the  fourth  gate  is  held 
at  selected  values.  The  operating  condi- 
tions are  described  as  follows: 

• Four  clock  pulses: 

= input  diode  pulse  level 

P from  -12.8  to  -2.4  V 

♦ reset  = reset  MOSFET  gate  pulse 
level  from  -37.  5 to  -19  V 

$!•  $2  = 50%  duty  cycle  CCD  clock 
pulses  from  -22.5  to 
-10  V 

• Four  dc  gate  biases: 

G^,  biased  at  -30  V 

Gout  VDD  at  _35'  5 V 

Load  resistor  = 50K  ohms 

Clock  frequency  = 20  kHz. 

From  Figure  10,  it  can  be  seen  that 
two  operating  modes  exist.  The  first  is 
a high  gain  mode  occurring  in  a third  gate 
voltage  range  from  approximately  -11.7 
volts  to  values  from  -11.9  to  -12.5  volts, 
depending  on  the  bias  voltage  on  the  fourth 
gate.  This  mode  is  quite  nonlinear.  The 


second  mode  is  characterized  by  a much 
lower  gain  but  occurs  over  a much  wider 
bias  range  on  G3.  The  range  is  more  than 
8 V for  VG4=  -15  V.  ForVG4  = -12V, 
it  can  be  seen  that  a section  of  the  mode 
characteristics  is  linear  from  -lb.  9 to 
-20.  5 V.  Therefore,  the  combination  of 
VG3  = "18.7  V and  VG3  = -12  V was  chosen 
as  the  electrical  bias  condition.  The  ac 
input  signal  was  applied  to  the  third  gate 
to  carry  out  the  frequency  response  mea- 
surements. In  this  way,  a linear  range  of 
approximately  3.  7 V was  obtained. 

The  circuit  schematic  for  the  comb 
filter  measurements  is  shown  in  Figure  11. 
The  coefficient  a.  = 1 is  easily  imple- 
mented by  direct  connection.  The  coeffi- 
cients af  = ±1  and  the  different  values  of 
bj  were  implemented  by  using  two  poten- 
tiometers connected  after  the  sample  and 
hold  circuit  and  the  level  shifter.  Opera- 
tional amplifiers  with  the  proper  feedback 
were  used  to  provide  the  two  summation 
operations. 
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Figure  10.  Input  G3  vs  Output  Character- 
istics of  Two  Phase  Surface 
Channel  8 Bits  CCD 


Figure  11.  Circuit  Schematic  of  CCD 

Recursive  Filter  Experiment 
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The  measured  frequency  characteris- 
tics of  six  comb  filters  are  presented  as 
dots  in  Figures  3 through  8.  Figures  3 
and  4 are  filters  designed  by  the  standard 
Z transform  procedure.  Figures  5 
through  8 are  filters  designed  by  the 
bilinear  Z transform  procedure.  The  fil- 
ter type  and  corresponding  filter  coeffi- 
cients are  shown  in  each  figure  and  are 
also  listed  in  Table  2.  The  advantage  of 
the  bilinear  Z transform  design  procedure 
over  the  standard  Z transform  is  clear  by 
noticing  the  theoretically  infinite  attenua- 
tions achieved  at  the  null  frequencies 
separated  by  the  recursion  frequency, 
fr  = fc/N  = 20  kHz/ 8 = 2.5  kHz. 

In  conventional  filter  designs,  large 
attenuations  in  the  stop  bands  can  be 
achieved  by  using  higher  order  filters  in 
the  case  of  recursive  filters  and  by  using 
many  bits  of  delay  in  the  case  of  nonrecur- 
sive filters.  In  this  case  of  sampled  ana- 
log recursive  comb  filters,  infinite  atten- 
uation is  theoretically  achieved  even  in 
cases  where  only  one  delay  element  is 
used.  Of  course,  the  reason  for  such  an 
interesting  property  is  that  the  delay 
element  has  N stages  of  delay;  this  causes 
its  frequency  characteristic  to  be  periodic 
with  respect  to  fc/N  and  to  have  N/2  teeth 
within  the  Nyquist  range.  A zero  intro- 
duced by  the  bilinear  Z transform  will 
force  the  transfer  function  to  zero  at  a 
series  of  null  frequencies  separated  by 
fc/N.  In  the  conventional  digital  recur- 
sive filter  design  where  N equals  1,  the 
zero  introduced  causes  the  transfer  func- 
tion to  become  zero  at  frequencies  beyond 
the  Nyquist  limit  and  is  therefore  not 
useful. 

It  should  be  noted  that,  in  the  prelim- 
inary experimental  study,  infinite  attenua- 
tion was  not  found.  Instead,  the  measured 
attenuation  varied  from  -60  dB  down  from 
the  maximum  to  -10  dB  down.  In  fact, 
this  is  but  one  of  several  deviations  of 
measured  results  from  theoretically  cal- 
culated values.  The  agreements  and  dis- 
agreements are  summarized  as  follows. 

For  the  first  tooth  of  the  comb  filter, 
the  agreement  between  theory  and  experi- 
ment is  excellent  in  all  six  cases.  How- 
ever, measured  values  and  calculated 
values  started  to  deviate  from  each  other 
as  the  frequency  increased  or  as  the  order 
of  the  comb  tooth  increased.  On  the  one 


hand,  the  attenuation  at  the  null  frequen- 
cies for  the  bilinear  Z cases  started  to 
deteriorate.  On  the  other  hand,  the  filter 
shape  did  not  always  stay  in  close  agree- 
ment with  the  theoretical  results.  How- 
ever, different  trends  of  deviation  were 
discovered. 

In  four  cases  (Figures  3 and  4 for  the 
standard  Z transforms  and  Figures  7 and 
8 for  the  bilinear  Z transforms),  the  mea- 
sured frequency  response  steadily  became 
lower  than  the  calculated  response.  The 
worst  case  is  shown  in  Figure  4.  Such  a 
decrease  could  be  caused  by  several 
factors  including  effects  due  to  the  sample 
and  hold,  effects  due  to  charge  transfer 
inefficiency,  and  effects  due  to  the  fre- 
quency rolloff  of  the  electrical  instrumen- 
tation. In  Figure  8,  the  effect  due  to  the 
sample  and  hold  circuit  is  included  in  the 
theoretical  calculation.  However,  its 
rolloff  effect  does  not  adequately  account 
for  the  measured  decrease.  This  suggests 
that  other  factors  must  be  considered. 

The  explanation  for  these  deviations  is 
made  more  complicated  by  the  opposing 
trend  shown  in  Figures  5 and  6 for  two 
other  bilinear  Z transform  cases.  Here 
the  measured  frequency  responses  are 
higher  than  the  calculated  values.  We  are 
only  beginning  to  search  for  the  factors 
which  could  cause  such  increases. 

The  general  deterioration  of  the  atten- 
uation at  null  frequencies  is  considered  to 
result  from  two  effects.  The  first  is  the 
change  of  aj  as  a function  of  frequency; 
this  includes  the  effects  of  frequency  var- 
iations in  the  CCD,  the  sample  and  hold 
circuit,  and  the  level  shifter.  Note  that 
ap  is  directly  connected  to  the  output  sum- 
ming operational  amplifier.  The  imbalance 
of  a.Q  and  a^  makes  the  "zero"  a less  than 
perfect  zero  and  yields  less  attenuation  at 
the  null  frequencies.  The  second  effect  is 
the  general  noise  background  which  pre- 
vents the  measurement  of  very  small  sig- 
nals. One  major  contribution  of  such 
noise  is  the  clock  feedthrough. 

In  spite  of  these  deviations  of  mea- 
sured results  from  theoretical  calcula- 
tions, it  is  proper  to  conclude  that  the 
feasibility  of  using  a CCD  to  implement 
sampled  analog  recursive  comb  filters  is 
confirmed, (10,  11,12)  and  the  basic  ap- 
proach of  a theoretical  analysis  based 
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essentially  on  the  digital  recursive  filter 
theory  is  correct  to  the  first  order.  Ob- 
viously, refinements  are  needed  to  extend 
the  success  of  the  theory  at  the  first  comb 
teeth  to  all  higher  order  teeth. 

5.  APPLICATIONS 

The  range  of  applications  of  sampled 
analog  recursive  filters  is  obviously  very 
broad.  However,  it  is  important  to  recog- 
nize that  the  performance  of  this  type  of 
filter  is  somewhere  between  that  of  analog 
and  digital  filters.  Compared  with  regu- 
lar analog  filters,  the  delays  of  this  fam- 
ily of  integrated  circuit  electronic  delay 
devices  are  controlled  by  the  main  clock 
pulse,  and  these  IC  filters  do  not  have 
nearly  the  narrow  bandwidth  and  time  and 
temperature  drift  problems  which  plague 
other  analog  filters.  They  are  as  stable 
as  the  main  clock.  Compared  with  digital 
filters,  they  process  signals  in  sampled 
analog  form,  thus  avoiding  the  expense  of 
A/D  converters  and  digital  multipliers, 
though  there  are  penalties  of  somewhat 
lower  performance  and  relatively  more 
limited  programmability.  Another  feature 
of  sampled  analog  recursive  filters  is  the 
possibility  of  time  shared  filtering  because 
the  delay  elements  generally  have  more 
than  one  stage.  >*5) 

They  are  particularly  useful  as 
comb  filters.  Their  periodic  transfer 
characteristics  make  them  well  suited  to 
process  signals  which  are  periodic  in 
time  and  in  frequency  such  as  most  radar 
and  sonar  signals.  Canceller  type  comb 
filters  can  be  used  to  reject  periodic  sig- 
nals by  aligning  the  null  frequencies  of  the 
comb  filter  with  the  periodic  frequency 
spectrum  of  the  undesired  signal.  This  is 
indeed  the  principle  of  both  the  feedfor- 
ward and  recursive  filters'*  " being  de- 
veloped to  cancel  clutter  spectrum  in 
MTI.  radars.  Also,  because  the  delay  can 
be  changed  rather  conveniently  by  chang- 
ing the  main  clock  frequency,  the  cancel- 
ler type  sampled  analog  comb  filter  may 
simplify  the  signal  processing  in  either 
staggered  PRF  or  jittered  PRF  radars. 

In  a different  direction,  integrator 
type  comb  filters  can  be  used  to  enhance 
periodic  signals  contaminated  by  noise 
and/or  interferences.  A video  integrator 
is  being  developedOJ)  based  on  this  prin- 
ciple. 


6.  CONCLUSIONS 

Sampled  analog  comb  filters  by  recur- 
sive implementation  have  been  studied. 

A theoretical  analysis  based  essentially 
on  digital  recursive  filter  theory  was  used 
to  calculate  the  frequency  characteristics 
of  both  the  canceller  type  and  the  integrator 
type  comb  filters,  using  only  one  delay 
element.  The  fact  that  the  delay  element 
has  N delay  stages  is  used  to  achieve  the 
comb  feature  of  the  transfer  character- 
istics. .Using  the  zero  introduced  by  the 
bilinear  Z transform,  infinite  attenuations 
are  achieved  at  null  frequencies,  which 
is  a very  desirable  feature.  Six  calcu- 
lated cases  were  selected  for  implemen- 
tation using  an  8-bit  CCD  as  the  delay 
element.  The  agreement  between  mea- 
surements and  theory  is  excellent  at  the 
first  set  of  comb  teeth  and  varying  de- 
grees of  closeness  are  achieved  as  the 
order  of  comb  teeth  is  increased.  The 
causes  for  this  are  under  study.  Studies 
are  in  progress  to  extend  this  work  to 
cases  where  more  than  one  delay  element 
is  used  and  to  examine  the  reasons  why 
the  experimental  results  at  higher  order 
comb  teeth  are  at  variance  with  some  of 
the  theoretical  predictions. 
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ABSTRACT.  The  CCD  analog  transversal  filter  Is  a tremendously  cost-effective  component  In 
terms  of  Its  simplicity  compared  to  equivalent  dlqltal  hardware.  In  view  of  this,  the  chirp 
z-transform  (CZT)  algorithm  for  performing  spectral  analysis  is  ideally  suited  to  CCD 
Implementation  because.  In  this  algorithm,  the  bulk  of  the  computation  is  performed  in  a 
transversal  filter.  The  CCD  CZT  has  some  performance  limitations  relative  to  the  dlqltal 
fast  Fourier  transform  (FFT),  and  for  this  reason,  It  is  not  applicable  to  all  military 
signal  processing  systems.  However,  for  those  applications  which  fall  within  the  CCD  per- 
formance capabilities,  the  CZT  offers  significant  potential  cost  saving  over  the  digital 
FFT.  The  performance  of  the  CCD  CZT  is  evaluated  and  compared  with  the  digital  FFT.  A 
discussion  is  given  of  selected  military  applications  where  the  CCD  CZT  can  be  used  to 
advantage. 


I.  INTRODUCTION 

Charge-coupled  device  (CCD)  analog 
transversal  filters  can  be  used  to  perform 
the  discrete  Fourier  transform  (DFT)  on 
electrical  signals  using  an  algorithm  called 
the  chirp  z-transform  (CZT).1’'  The  CCD 
CZT  has  been  demonstrated,  * •1‘  and  it  has 
been  proposed  as  a replacement  for  the  dig- 
ital fast  fourier  transform  (FFT),  in  a 
number  of  military  signal  processing  appli- 
cations.5 It  Is  the  purpose  of  this  paper 
to  compare  the  CCD  CZT  with  the  digital  FFT. 

In  a general  way,  the  comparison  can 
be  summarized  as  follows.  The  CCD  CZT  has 
performance  limitations  when  compared  with 
the  digital  FFT,  and  it  is  somewhat  less 
flexible.  However,  It  has  a tremendous 
projected  cost  advantage  when  manufactured 
in  high  volume,  and  has  additional  advan- 
tages in  smaller  size,  lighter  weight, 
lower  power  and  improved  reliability.  Al- 
though the  CCD  CZT  has  modest  performance, 
significant  cost  advantages  can  be  realized 
for  those  applications  which  fait  within  Its 
performance  capabilities.  It  is  the  goal 
of  this  paper  to  quantitatively  compare 
the  CCD  CZT  with  the  digital  FFT  and  to 
identify  a few  major  military  applications 
in  which  the  CCD  CZT  is  certain  to  be 
important. 


Section  II  reviews  conventional  digital 
spectrum  analysis  techniques;  the  digital 
FFT  and  the  del  tec  spectrum  analyzer. 

Section  III  discusses  the  CCD  C7T  and  a 
related  prime  transform.  Section  IV  com- 
pares the  CCD  CZT  with  the  digital  FFT  In 
error,  resolution  and  implementation,  and 
Section  V discusses  selected  military  appli- 
cations of  modest  required  performance  for 
which  the  CCD  C7T  has  clear  cost  advantages 
over  diqital  implementation. 

II.  RFVIEW  OF  DIGITAL  SPECTRAL 
ANALYSIS  METHODS 

The  FFT  is  currently  the  most  widely 
used  technique  for  digital  spectral  analy- 
sis. It  is  important  because  It  requires 
only  N/2  log,,N  complex  multiply  operations 
to  perform  an  N-point  DFT,  as  compared  with 
Nz  complex  multiply  operations  required  to 
directly  implement  the  DFT  formula 

F„  -V  fe-'Z"nk/N  (1) 

k n-0  n 

The  deltec  spectrum  analyzer  historically 
preceeded  the  FFT,  and  has  been  largely 
replaced  except  In  certain  sonar  spectrum 
analysis  applications. 
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FFT 

The  FFT  algorithm  Is  dtscussed  from  an 
elementary  point  of  view  In  References  6,  7 
and  8.  In  this  section,  it  will  be  reviewed 
for  the  purposes  of  establishing  nomencla- 
ture for  discussion  in  later  sections. 

FFT  algorithms  can  be  classed  as  deci- 
mation In  time  or  decimation  In  frequency. 

The  former  Is  discussed  here,  but  the  latter 
Is  quite  similar.  The  most  common  FFT  algo- 
rithms are  radix  2,  meaning  that  the  entire 
FFT  Is  performed  by  sequential  operations 
Involving  only  pairs  of  elements.  The 
fundamental  operation  In  a radix  2 FFT  Is 
the  so-called  butterfly  which  takes  two 
complex  Inputs  A and  B and  combines  them 
to  give  X and  Y through  the  operation 

X - A + wfj  B 

k (2) 

Y - A - V*  B 

where  = exp  [-12it/n],  and  the  w!*  are  the 
so-called  twiddle  factors.  The  butterfly 
structure  Is  Indicated  schematically  In 
Figure  la,  using  the  the  notation  of  Ref- 
erence 8. 

An  8-polnt,  radix  2,  dec Imat Ion- In-t Ime, 
FFT  algorithm  is  Illustrated  In  Figure  lb. 

The  data  are  first  reordered  by  bit  rever- 
sal,' and  the  first  set  of  butterflies  essen- 
tially performs  the  2-polnt  OFT  on  the  re- 
ordered Input  data  by  pairs.  The  second  set 
of  butterflies  combines  the  2-polnt  OFT's 
using  twiddle  factors  to  achieve  two  k-polnt 
OFT's  on  the  even  and  odd  numbered  input 
data.  The  final  set  of  butterflies  combines 
the  k-polnt  OFT's  using  twiddle  factors  to 
achieve  the  final  8-polnt  DFT. 

Several  Important  facts  about  radix  2 
FFT's  are  apparent  from  the  above  discussion: 
(1)  N must  be  an  integral  power  of  two.  (2) 
There  are  log.N  stages  each  requiring  N/2 
butterfly  operations  for  a total  of  N/2 
log.N  butterflies  required,  and  (3)  Each 
Fourier  coefficient  Is  processed  through 
log^N  butterfly  operations  so  that  quantiza- 
tion errors  are  cumulative. 

In  many  applications,  the  FFT  is  used 
to  obtain  a transform  which  will  later  be 
inverted  to  obtain  the  original  signal.  In 
such  applications,  the  phase  of  the  trans- 
t form  must  be  maintained.  However,  in  many 

other  cases  It  is  desired  to  obtain  a measure 
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of  the  spectral  energy  density  of  a quast- 
perlodlc  waveform  or  a quasi-  stationary 
random  process.  For  these  applications,  the 
phase  of  the  transform  is  not  important.  In 
addition,  the  true  DFT  is  not  performed,  but 
the  Input  data  are  apod  1 zed  or  windowed  by 
an  appropriate  windowing  function  w to  sup- 
press frequency  sidelobes  in  the  spectrum. W 
The  desired  result  is 

nh:^—i2  ») 

For  even  moderate  values  of  N the  computa- 
tional saving  of  the  FFT  algorithm  Is  ex- 
tremely significant,  and  for  common  spectrum 
analysis  applications  the  savings  is  easily  a 
factor  of  10  to  100.  The  FFT  is  flexible 
enough  and  powerful  enough  to  be  considered 
a general  purpose  spectrum  analysts  tool. 

DELTIC  SPECTRUM  ANALYZER 

The  del  tic  spectrum  analyzer  has  been 
Implemented  In  analog,  digital  and  hybrid 
technologies.  It  Is  essentially  a straight- 
forward Implementation  of  equation  (l)  In 
which  the  time  series  fn  is  stored  in  a 
circulating  delay  line,  usually  in  digital 
form.  A complete  circulation  of  the  time 
sequence  Is  performed  In  the  time  between 
each  newly  acquired  Input  sample.  Ourinq 
this  circulation,  the  f are  operated  on 
either  digitally  or  anafog  to  form  a spectral 
estimate  at  a selected  frequency.  To  obtain 
a complete  spectrum  at  N frequencies  requires 
Nz  operations.  However,  N is  not  restricted 
to  be  a power  of  2,  and  the  frequencies  are 
not  restricted  to  be  of  uniform  spacing  as 
in  the  DFT.  Often,  one-bit  quantization 
is  used  to  represent  the  f . This  minimizes 
hardware  requirements  but  results  In  signif- 
icant detection  loss  and  small  signal  sup- 
pression effects.9 

Ill,  CCD  SPECTRAL  ANALYSIS  TECHNIQUES 

From  the  standpoint  of  minimizing  the 
number  of  digital  operations  required  to  per- 
fprm  the  DFT,  the  FFT  algorithm  is  optimal. 
However,  In  determining  the  optimum  algorithm 
for  Implementation  with  analog  CCD's,  a 
whole  new  set  of  ground  rules  exists.  It  Is 
no  longer  important  to  minimize  multiplica- 
tions, because  CCD  transversal  filters  can 
be  built  which  perform  a larqe  number  of 
multiplications  simultaneously  in  real  time 
tlme.1,*I,.,,»,,.,V  Consequently,  for 
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CCD  implementation,  algorithms  should  be 
selected  in  which  the  bulk  of  the  computation 
is  performed  by  a transversal  filter.  Two 
such  algorithms  have  been  identified  for 
cost-effective  CCD  Implementation;  the  CZT1'2 
and  the  prime  transform. 1 6 • 1 7 Both  algo- 
rithms are  discussed  In  this  section. 

CCD  CZT 

The  DFT  can  be  performed  using  the 
chirp  z-transform  (CZT)  algorithm.  The 
CZT  gets  its  name  from  the  fact  that  it  can 
be  implemented  by  (1)  premultiplying  the 
time  signal  with  a chirp  (linear  FM)  wave- 
form, (2)  filtering  in  a chirp  convolution 
filter,  and  (3)  postmultiplying  with  a chirp 
waveform.  When  implemented  digitally,  the 
CZT  has  no  clear  cut  advantages  over  the 
conventional  FFT  algorithm.2  However,  the 
CZT  lends  itself  naturally  to  implementation 
with  CCD  transversal  filters.1 

Starting  with  the  definition  of  the 
DFT  given  in  eguation  (1),  and  using  the 
subst i tut  ion 


2nk 


n2  + k2  - (n  - k)2 


W 


the  following  eguation  results: 
c -tirk2/N  . 


V (f  e-'*n2/N)eilr(k-  n)2/N  (5) 

n*0  ' n ' 


This  eguation  has  been  factored  to  emphasize 
the  three  operations  which  make  up  the  CZT 
algorithm.  It  is  illustrated  in  Figure  2. 

To  implement  the  conventional  N-point 
CZT,  the  CCD  filters  are  chirp  filters  of 
length  2N-1  which  chirp  from  - f to  +f  , 
and  the  premultlply  waveform  hasca  timecdura- 
tion  N/f  and  chirps  from  zero  to  -f  . A 
phys i ca 1 c i nterpretat ion  in  terms  of  Sorrela- 
tion  of  the  input  chirp  with  the  filter  is 
given  in  Figure  3.  When  the  input  signal 
has  zero  frequency,  the  product  with  the 
premultiply  chirp  results  in  an  input  wave- 
form to  the  filter  which  chirps  from  0 to  -f  . 
The  samples  corresponding  to  frequencies  c 
near  f « 0 are  clocked  Into  the  filter  first, 
and  those  near  f • -f  are  clocked  in  last. 
This  sequence  of  samples  results  In  a corre- 
lation peak  at  t ■ tQ,  when  the  product  wave- 


form has  been  clocked  Into  the  first  half  of 
the  filter.  When  the  input  frequency  is 
f,  t 0,  the  product  with  the  premultiply 
chirp  results  in  an  Input  to  the  filter  which 
chirps  from  f,  to  -f  +fj.  The  input  wave- 
form (Vjn  x chirp)  in  Figure  3 corresponds 
to  an  input  signal  at  a frequency  fj  at  time 
t - tQ.  This  waveform  is  shifted  to  the 
right  as  t increases  resulting  in  a correla- 
tion peak  at  tj.  The  shift  in  time  relative 
to  the  dc  correlation  peak  is 


l1  ' *o  “ ~2  f1 
c 


(6) 


In  this  way,  the  time  axis  of  the  output 
Is  calibrated  In  frequency.  The  postmultiply 
is  needed  to  obtain  the  proper  phase  of  the 
DFT  coefficients  and  can  be  omitted  when 
phase  is  not  required. 

Several  undesirable  features  of  this 
implementation  become  apparent  from  the 
above  description.  The  output  must  be  blanked 
during  the  loading  of  the  chirp  into  the 
filter,  and  the  input  must  be  set  to  zero 
during  the  calculation  of  the  coefficients. 

Also  undesirable  is  the  inefficient  use 
of  the  CCDs  since  only  half  of  the  CCD  filter 
has  useful  information  at  any  point  in  time. 

For  DFT  applications,  such  as  video  band- 
width reduction,16  in  which  the  transform  is 
to  be  inverted  to  regain  the  original  signal, 
the  CZT  is  performed  in  the  way  described 
above.  However,  when  the  spectral  density 
is  required,  the  CZT  can  be  simplified  greatly. 
Using  the  substitution  of  equation  (A)  in 
equation  (3)  gives 


, N-1 

IF,  I = l f w 

I k'  n“0  n " 


-iirn2/N 


(7) 


eiir(k-n)//N  | 

In  this  case,  simplification  of  the  CZT 
algorithm  results  from  two  observations: 

(1)  The  postmultiply  operation  can  be 
eliminated  and  (2)  The  sliding  CZT  can  be 
used . 

The  sliding  DFT  is  defined  in  this  paper 
to  be 

k+N-1  ,,  , 

F*  - I f e"12itnk/N  (g) 

k n-k  n 
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and  It  gives  a windowed  power  density  spec- 
trum 


f . , w e 
n+k  n 


-12lfnk/N 
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(9) 


fn+kV 


-iirn2/N 


iit(k-n)  /N 


(10) 


Comparison  of  equations  (9)  and  (10)  with 
equations  (3)  and  (7)  Indicates  that  the 
sliding  CZT  differs  from  the  conventional 
C2T  in  that  the  sliding  CZT  indexes  the 
data  each  time  a spectral  component  Is 
calculated.  For  a periodic  waveform,  index- 
ing results  in  a phase  factor  which  does 
not  affect  the  result,  and  for  a stationary 
random  signal,  the  time  record  is  different 
for  each  spectral  component  but  stationarity 
insures  that  the  result  is  unaffected.  For 
these  two  classes  of  signal  the  sliding  CZT 
gives  the  same  result  as  the  conventional 
CZT. 


Figure  If  gives  a pictorial  comparison 
between  the  conventional  CZT  and  the  sliding 
CZT  for  the  simple  case  of  a 3-point  trans- 
form. With  the  conventional  CZT,  all  three 
Fourier  coefficients  fq.f, »F2  are  calculated 
using  the  first  three  time  samples  f,,f_,f  , 
These  coefficients  are  being  calculated  Dy^ 
the  filter  during  the  next  three  clock  peri- 
ods, so  that  time  samples  f^  - f,  must  be 
blanked.  Then  the  cycle  repeats  as  shown 
In  Figure  ha.  Using  the  sliding  CZT,  F^  Is 
calculated  on  the  sample  record  FpF2*F3  as 
before,  but  F*  is  calculated  on  the  sample 
record  F2*FvFz,*F2  on  the  record 
and  the  next  F * computation  is  raae  on  the 
sample  record  Fi,»Fr>Fz-  The  sample  record 
is  continually  updated  by  replacing  the 
oldest  sample  with  a new  one.  The  above 
description  shows  that  N Fourier  coefficients 
are  obtained  for  N time  samples  (100$  duty 
cycle) . 

The  advantages  of  the  sliding  CZT  are 
(l)  For  an  N-point  transform,  N-stage  filters 
are  required  which  chirp  through  a bandwidth 
f (-f/2  to  +f0/2  for  example).  (2)  ho 
blanking  is  required.  The  filters  operate 
with  100$  duty  cycle;  i.e.,  one  spectral 
component  out  for  each  time  sample  in.  (3) 
Windowing  can  be  achieved  by  weighting  the 
chirp  impulse  response  of  the  filter  with 


the  desired  window  function,  (h)  The  deg- 
radation due  to  imperfect  charge  transfer 
efficiency  is  less  for  the  sliding  CZT  than 
for  the  conventional  CZT. 

The  block  diagram  for  obtaining  the 
spectral  density  using  the  sliding  CZT  is 
shown  in  Flqure  5.  The  rectangles  represent 
CCD  filters  having  Impulse  responses  w cos 
irnVN  and  w simtnVN,  -N/2 < n < N/2-1 . nThls 
system  has  Been  implemented  using  500-stage 
CCD  filters.  The  window  function  is  coded 
into  the  metal  photomask  and  systems  have 
been  demonstrated  both  without  windowino 
(wn  « l)  and  with  Hamming  windowinq.5  Spec- 
tra obtained  using  Hamming  windowing  are 
shown  in  Figure  6. 

CCD  PRIME  TRANSFORM 

Another  algorithm  exists  for  computing 
the  OFT  which  Is  also  suitable  to  CC0  imple- 
mentation in  the  analog  domain  because  the 
bulk  of  the  computation  is  performed  in  a 
transversal  filter.16*17  The  prime  transform 
algorithm  is  implemented  in  3 steps  as  indic- 
ated In  Figure  7;  (l)  permutation  of  the 

input  data,  (2)  Transversal  filtering  and 
(3)  permutation  of  the  output  Fourier  coef- 
ficients. (for  details  see  Reference  17) 

The  advantages  of  the  prime  transform  over 
the  CZT  are  (1)  the  multipliers  are  replaced 
by  permuting  memories.  (This  may  or  may  not 
be  an  advantage  depending  upon  the  speed  and 
dynamic  range  required)  and  (2)  For  a real 
input,  only  two  filters  are  required  instead 
of  the  four  shown  in  Figure  5.  The  disadv- 
antages are  (1)  the  zero  order  Fourier  coef- 
ficient (dc  term)  must  be  computed  separately 
(2)  Imperfect  charge  transfer  efficiency  does 
not  result  In  a simple  degradation  in  resolu- 
tion as  it  does  in  the  CZT  and  (3)  The  slidinq 
DFT  cannot  be  implemented  with  the  prime 
transform. 

The  CCD  prime  transform  has  not  yet  been 
tested  but  preliminary  estimates  suggest 
that  It  may  be  important  for  applications 
in  which  (1)  the  phase  of  the  DFT  is  required 
thus  ruling  out  the  sliding  CZT  and  (2)  high 
spaed  and  high  dynamic  range  make  on-chip 
multipliers  difficult  to  implement. 

IV.  PERFORMANCE  COMPARISONS 


In  this  section  some  important  compar- 
isons are  made  between  the  CCD  CZT  and  the 
digital  FFT.  Perhaps  the  most  important 
point  of  comparison  Is  accuracy.  CCD's, 
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being  analog,  limit  the  accuracy  of  the  CCD 
CZT.  The  major  CCD  limitations  are  (1) 

Charge  transfer  efficiency  (CTE)  (2)  thermal 
noise  (3)  accuracy  of  the  filter  weighting 
coefficients  (4)  accuracy  of  the  pre  and 
post  multipliers  and  (5)  linearity  of  the 
CCD  filters.  With  proper  operation  of  the 
CCD  filters  It  Is  expected  that  CCD  operation 
can  be  made  sufficiently  linear  that  errors 
due  to  nonl Inearl t ies  are  not  Important. 

Each  of  the  first  four  limitations  Is  discus- 
sed In  this  section  In  the  context  of  digital 
FFT  comparison. 


The  frequency  resolution,  sldelobe  level  etc. 
are  all  determined  by  G(k),  and  the  effect 
of  Imperfect  CTE  Is  to  broaden  and  shift 
the  peak  of  G(k). 


Equation  (11)  can  be  rewritten  as 


-iir(n+k-N  f/f  )2/N 
e c 


2 


hn  (14) 


where  h Is  the  ideal  Impulse  response  of  a 
windoweS  chirp  filter 


CTE  affects  the  resolution  of  the  DFT 
and  Is  discussed  separately.  Thermal  noise, 
weighting  coefficient  accuracy  and  multiplier 
accuracy  are  best  discussed  on  terms  of  rms 
error  in  the  transform.  These  sources  of 
error  are  evaluated  and  related  to  the 
number  of  bits  required  tc  achieve  equivalent 
error  In.an  FFT.  Finally,  a state-of-the-art 
custom  It  FFT  is  discussed  and  compared  with 
the  CCD  CZT. 

CTE 

The  effect  of  imperfect  CTE  is  somewhat 
different  for  the  conventional  CZT  than  for 
the  sliding  CZT.  In  this  section  the  sliding 
transform  will  be  discussed. 

The  CZT  Is  of  course  a sampled-data 
system,  and  the  DFT  is  only  defined  for  Inte- 
gral values  of  k.  It  is  useful,  however,  to 
treat  k as  a continuously  varying  envelope 
which  determines  the  spectral  value  at  each 
integral  k.  Assuming  the  input  is  a complex 
sinusoid  at  frequency  f,  then  equation  (3) 
gives 


We  can  treat  F as  a function  of  continuously 
varying  k by  writing 

|f(k)  |2  - G ^k  - ^ (12) 

where  the  envelope  function  G(k)  is  the 
transform  of  the  window  function 

G(k)”|V  we',2lTnk/M|  (13) 
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Imperfect  CTE  modifies  the  weighting 
coefficients  to  h1  and  changes  the  envelope 
G'(k)  to  n 

G 1 (k)  -I  l h,  | (i&) 

ln-0  n 

Physically  G(k)  represents  the  correla- 
tion of  a chirp  waveform  In  a windowed  chirp 
filter  and  equation  (l6)  shows  how  the 
correlation  response  degrades  as  the  filter 
decorrelates  due  to  imperfect  CTE.  The 
decorrelatlng  effect  can  be  crudely  estimated 
by  scaling  the  clock  frequency  down  by  a 
factor  on  the  order  of  1 - e,  where  e is  the 
fractional  loss  per  stage)1  This  has  the 
effect  of  decreasing  the  df/dt  of  the  chirp 
filters  by  a similar  factor  with  the  result 
that  the  correlation  peak  broadens  due  to 
mismatch  and  shifts  by  an  amount  At~Ne/2f  . 
This  approximate  behavior  is. confirmed  by 
the  calculations  of  Figure  8 which  show  the 
response  of  the  500-point  sliding  CZT  with 
Hamming  windowing  to  an  input  sinusoid  having 
frequency  f = 3.3  f /H. 

Conclusions  regarding  the  effect  of 
Imperfect  CTE  on  the  sliding  CZT  are  summa- 
rized below.  (1)  The  resolution  degradation 
is  on  the  order  of  Ne  times  the  Ideal  resolu- 
tion f /N.  For  Ne  ~ .1,  the  degradation  is 
negligible.  (2)  The  degradation  Is  the  same 
for  all  frequencies  whereas  In  the  convent 
tionai  CZT,  the  degradation  is  three  times 
worse  for  the  high  frequencies  than  for  the 
low  frequencies,  (3)  The  degradation  can 
be  eliminated  by  modifying  the  filter  coef- 
ficients to  compensate  for  Imperfect  CTE  or 
by  modifying  the  premultiply  chirp. 
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ERROR  ANALYSIS 

The  accuracy  which  can  be  achieved  using 
the  CCD  CZT  is  perhaps  the  most  important 
performance  criterion.  In  this  section,  the 
error  sources  are  identified  and  evaluated 
in  terms  of  bits  in  an  equivalent  digital 
FFT. 

FFT  Accurancy.  Finite  word  length  ef- 
fects in  a digital  FFT  fall  Into  three  cate- 
gories. 8 ’ 19 ,2“  (1)  Quantization  of  the 

data  at  the  input  A/0  converter.  (It  is 
assumed  that  no  external  gain  control  is 
used  with  either  the  FFT  or  the  CCD  CZT). 

(2)  Errors  due  to  the  finite  word  lengths 
used  to  represent  the  twiddle  factors.19 

(3)  Truncation  and  roundoff  effects  gener- 
ated within  the  butterflies.20  In  treating 
truncation  effects  a block  floating  point 
truncation  algorithm  is  assumed  in  which  all 
words  are  shifted  right  each  time  overflow 
occurs  In  any  butterfly. 

If  the  A/D  converter  has  an  accuracy  of 
b bits  plus  a_gign  bit,  the  quantization 
step  size  is  2 1 normalized  to  unity,  and 

an  rms  error  can  be  defined  by 


- 2'b'  / /V2  (18) 


This  noise  does  not  scale  with  signal  size. 
It  represents  a noise  level  below  which  sig- 
nals cannot  be  processed.  It  dominates  at 
low  signal  levels  but  other  errors  which 
scale  with  signal  size  dominate  FFT  error  at 
large  signal  size. 

If  the  twiddle  factors  are  quantized 
to  b2  bits  plus  sign,  the  resulting  rms 
error  is  given  by19 

log,N  , 

*t  r~  2 4ctf  (19) 

where  aF  Is  the  rms  level  of  the  output  sig- 
nal andris  related^  to  the  rms  input  signal 
0^  through  a p.  « /N  Of. 

The  most  important  source  of  error  In 
a digital  FFT  is  usually  overflow  and  round- 
off of  data  words  during  butterfly  computa- 
tion. If  the  data  words  are  carried  with  b, 
bits  plus  sign,  an  upper  bound  on  error  In 
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a block  floating  point  machine  can  be  deter- 
mined assuming  overflow  occurs  at  every 
stage.  The  result  is20 

AB  » .3  /ff  N*  2*b3  (20) 

If  the  twiddle  factors  are  quantized  to  the 
same  accuracy  as  the  data  words  (b2  *=  bs) 

A.  dominates  FFT  error.  Although  equation 
(20)  does  not  contain  the  input  signal  size 
explicitly.  Ag  does  scale  in  a general  way 
with  signal  because  for  smaller  signals, 
overflow  does  not  occur  at  every  stage.  The 
dependence  of  A.  on  the  length  of  the  trans- 
form indicates  that  higher  accuracy  (large 
b3)  is  required  for  longer  transforms. 

CCD  CZT  Accuracy.  The  sources  of  error 
in  a CCD  CZT  are  (1 ) thermal  noise,  (2) 
quantization  of  the  pre  and  post  multiply 
chirp  waveforms,  (3)  weightinq  coefficient 
error  in  the  CCD  transversal  filters,  and 
(M  CTE.  When  the  criterion  of  rms  error 
to  rms  signal  is  applied,  imperfect  CTE  gener- 
ates large  errors,  because  the  errors  add 
coherently.  Because  of  this  fact,  however, 
CTE  effects  can  be  treated  as  a resolution 
degradation  as  discussed  above  and  not  as 
"random"  error. 


Thermal  noise  is  analogous  to  input 
quantization  in  a digital  FFT  because  it 
generates  an  error  which  is  independent  of 
signal  size.  Thermal  noise  in  the  CCD  CZT 
is  dominated  by  noise  In  the  output  amplifier 
of  the  filter.  Assuming  the  rms  noise 
referred  to  the  input  Is  60  dB  below  the 
maximum  peak  signal,  the  equivalent  quantiza- 
tion accuracy  is  b 2 = 8 bits  plus  sign.  If 
80  dB  can  be  achieved5  this  will  correspond 
to  bj  = 1H  bits  plus  sign.  At  higher  signal 
levels  thermal  noise,  like  input  quantization 
noise  in  a digital  FFT,  is  dominated  by 
signal  dependent  errors. 


In  implementing  the  CCD  CZT,  the  pre 
and  post  multiply  chirp  waveforms  can  be 
stored  digitally  in  a ROM  and  multiplication 
can  be  performed  in  multiplying  D/A  convert- 
ers?1 If  the  waveforms  are  stored  with  an 
accuracy  of  b4  bits  plus  siqn,  the  errors 
are  analogous  to  twiddle  factor  quantization 
in  a digital  FFT.  The  calculated  rms  output 
levels  Am  for  both  the  pre  and  post  multi- 
pliers is 
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In  Figure  9 the  rms  error  to  rms  signal 
(4^/0.)  is  plotted  as  b, . The  solid  line  is 
calculated  using  equation  (21).  The  points 
are  obtained  from  computer  simulation  of  a 
32-point  CCD  CZT.  The  Input  data  were 
normally  distributed  random  numbers.  However, 
similar  results  are  obtained  using  sine 


Weighting  coefficient  error  arises  from 
a number  of  sources,  but  let  us  assume  as  a 
model,  that  the  placement  of  the  gap  in  the 
split  electrodes  is  quantized  in  steps  of  6 
during  photomask  fabrication.  6 is  typically 
10  uin  and  the  channel  width  W is  typically 
5 mil  giving  6/W  «.002  this  is  equivalent  to 
quantizing  the  weighting  coefficients  to  8 
bits  plus  sign  and  is  again  analogous  to 
twiddle  factor  quantization.  The  error 
which  results  is  given  by 


*W  ~ 4"  °F  <22> 

A plot  of  this  expression  together  with  com- 
puter simulated  results  are  given  in  Figure 
10. 

Comparison.  The  major  source  of  FFT 
error  increases  like/iT  (equation  20) 
whereas  the  major  sources  of  CCD  CZT  error 
are  independent  of  transform  length. 

Figure  11  compares  the  digital  FFT  with 
the  CCD  CZT  using  as  the  criterion  the  ratio 
of  rms  error  to  rms  signal  for  large  signals. 
The  results  are  plotted  as  a function  of  the 
transform  length  N.  A word  length  of  13  bits 
plus  sign  was  assumed  for  the  data  and 
twiddle  factors  and  on  this  case  Ag  dominates 
FFT  error.  For  the  CCD  CZT,  the  multiplying 
chirp  waveforms  are  quantized  to  7 bits  plus 
sign  and  6/W  « .002. 

CUSTOM  FFT 

In  evaluating  the  potential  of  the 
CCD  CZT,  It  is  important  to  compare  it,  not 
with  currently  existing  digital  implementa- 
tions of  the  FFT,  but  with  projected  state- 
of-the-art  implementations  which  are  under 
development.  A potential  digital  competitor 
for  the  analog  CCD  spectrum  analyzer  is  a 
custom  FFT, .and  a low-power  LSI  FFT  system 
using  ail  PL  technology  is  presented  here 
for  comparison. 


A few  Introductory  statements  concerning 
the  state  of  PL  and  the  design  philosophy 
of  the  custom  FFT  presented  here  are  appro- 
priate. PL  Is  a very  low-power,  high  density 
technology  currently  In  early  stages  of  pro- 
duct development.  Current  devices  are  run- 
ning at  speeds  up  to  2 MHz,  but  It  Is 
expected  that  speeds  will  improve  signifi- 
cantly as  the  technology  matures.  The 
hypothetical  FFT  design  presented  here  is 
custom  in  the  sense  that  the  architecture 
is  tailored  to  perform  the  alqorithm  rela- 
tively efficiently  and  has  matched  the 
memory  and  computation  speeds.  None  of  the 
chips  have  actually  been  built,  but  are 
believed  to  be  within  the  state-of-the-art. 
Flexibility  normally  expected  in  an  FFT  Is 
provided,  and  with  additional  firmware,  other 
vector  oriented  algorithms  could  be  imple- 
mented. Therefore,  this  design  can  be  con- 
sidered as  a general  purpose  digital  signal 
processing  module. 

Table  1 lists  the  specifications  of  a 
hypothetical  FFT  processor. 

Table  1.  FFT  Specifications 


Algorithm 
Cycle  Clock 
Butterfly  Time 
Transform  Speed 


Inplace 
2 MHz 
A ysec 

N/2  log  (N+1)  x 


Arithmetic 


Butterfly  Time 

Transform  Lengths  N“1 ,2,3, . . ,512 

complex  points 

Arithmetic  16  bit  block  floatinq 

point  with  rounding 

Coefficient  Word  Length  8 bits 
Data  Word  Length  16  bits 

*lnciude  unscrambling. 


Tbe  processor  is  designed  from  three  basic 
I^L  chips:  a single  control  chip,  a A bit 
arithmetic  unit  slice,  and  a 102A  x A bit 
RAM  slice.  The  control  chip  includes  the 
coefficient  memory,  the  FFT  mtcroporgram 
memory,  and  the  control  and  address  genera- 
tion circuitry.  The  arithmetic  slice  is  a 
complex  arithmetic  unit  (CAU)  tailored  to 
perform  a parallel  FFT  (radlx-2)  Rutterfly 
operation.  Although  the  processor  can  be 
configured  in  multiplies  of  tnese  A bit 
slices,  a 16  bit  configuration,  sketched 


! 
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in  Figure  12,  has  been  chosen  as  a prototype 
model.  Itemized  power  estimate  of  this  pro- 
cessor with  a 500  nanosecond  cycle  time  is 
300  mW  dominated  by  the  memory. 

2 

The  I L hypothetical  FFT  processor  des- 
cribed above  has  overwhelming  advantages  over 
the  CCD  CZT  in  (1)  flexibility  and  (2)  accu- 
racy in  a sense  that  additional  slices  can 
be  added.  However,  when  flexibility  and  high 
accuracy  are  not  required  the  CCD  CZT  com- 
pares favorably  In  two  important  aspects. 

(l)  Number  of  packages:  The  512-polnt  slid- 
ing CZT  illustrated  in  Figure  5 can  be  Imple- 
mented with  3 I C ' s ; 2 CCD  filter  IC's  and  one 
ROM  containing  the  premultiply  chirp.  The 
l2L  digital  processor  requires  9 IC's  (see 
Figure  12)  and  In  addition,  requires  A/D 
conversion.  Even  when  state-of-the-art 
custom  digital  hardware  is  postulated,  the 
CCD  CZT  maintains  a clear  cut  advantage  in 
package  count  and  hence  cost.  (2)  Speed: 

The  |2|_  FFT  operating  at  it's  maximum  clock 
rate  (2  MHz)  generates  spectral  points  at  a 
50  kHz  rate.  In  general  digital  FFT  hard- 
ware is  limited  to  this  kind  of  speed,  and 
increased  speed  through  parallel  processing 
can  be  achieved  only  by  a proportional  in- 
crease in  hardware.  The  CCD  CZT,  on  the 
other  hand  operates  in  real  time  at  speeds 
up  to  5 MHz. 

CCD's  have  also  been  proposed  to  perform 
the  digital  functions  required  to  implement 
the  FFT, 2 2,23  and  it  has  been  claimed  that, 
compared  to  competing  devices  from  other 
technologies,  'tharge-coupled  devices  appear 
to  enjoy  a ten  to  one  advantage  in  device 
density  and  greater  than  a ten  to  one 
advantage  is  speed-power  product".2*  Detail- 
ed comparisons  with  competing  technologies 
need  to  be  made  to  substantiate  this  claim. 

V.  APPLICATIONS  OF  THE  CCD  CZT 

For  a given  spectral  analysis  applica- 
tion to  be  considered  as  a candidate  for 
CCD  CZT  Implementation  it  must  satisfy  two 
criteria:  (1)  It  must  be  of  modest  perfor- 
mance which  lies  within  the  CCD  performance 
limitations  and  (2)  It  must  be  required  in 
sufficiently  high  volume  that  low  cost  is 
a dominant  design  specification.  These  two 
criteria  rule  out  a large  class  of  applica- 
tions. However,  there  have  been  identified, 
several  applications  of  great  military 
importance  which  do  satisfy  both  of  the  above 
criteria.  These  will  be  discussed  in  this 
section. 


VIDEO  BANDWIDTH  REDUCTION 

Transform  encoding  of  video  images  for 
the  purpose  of  bandwidth  reduction  Is  a 
potentially  Important  application  of  the 
CCD  CZT.  A hybrid  transform  system  has  been 
developed1'  which  performs  a discrete  cosine 
transform  (OCX)  1°  one  dimension  and  differ- 
entia) pulse  code  modulation  (DPCM)  in  the 
other  dimension. 

OFT  and  DCT  on  "typical"  video  images 
have  resulted  in  variance  compaction  approach- 
ing that  of  optimum  transforms,1'  and  both 
the  DFT  and  DCT  can  be  cost  effectively 
implemented  with  the  CCD  CZT.  The  CCD  CZT 
becomes  particularly  attractive  in  remote 
sensing  applications  such  as  RPV's  where 
small  size,  light  weight,  and  low  power  are 
essential  In  addition  to  low  cost. 

SPEECH  PROCESSING 

Spectral  analysis  is  one  of  the  most 
important  functions  in  speech  processing,2* 
and  speech  processing  requirements  In  terms 
of  sample  rate  (10  kHz),  delay  time  (A0  ms) 
and  dynamic  range  (A0  dB)  are  well  within 
the  CCD  capabilities  outlined  above. 

The  simplest  speech  processing  systems 
decompose  speech  Into  Its  spectral  compon- 
ents as  In  the  early  channel  vocoder  systems. 
Channel  vocoders  perform  well  only  at  high 
bit  rates25  and  therefore  do  not  achieve 
optimal  bandwidth  reduction,  but  they  are 
useful  in  word  recognition  systems. 

There  exist  several  algorithms  which 
do  achieve  adequate  bandwidth  reduction  and 
of  these,  one,  is  particularly  well  suited 
to  CCD  implementation.  It  is  called  homo- 
morphic deconvolution26  and  operates  upon 
the  principle  of  the  deconvolution  of  speech 
into  pitch  and  to  vocal  tract  resonances. 

In  Figure  13  a block  diagram  of  such  a system 
is  shown.2*  Since  only  the  magnitude  of 
transform  1 is  required,  the  postmultiply 
can  be  eliminated,  and  in  addition,  the 
postmultiply  of  the  inverse  transform  2 
cancels  the  premultiply  of  transform  3. 
Therefore  the  only  chirp  multiplications 
remaining  are  the  premultiplies  of  trans- 
forms 1 and  2 which  can  be  Implemented  at 
the  input  to  the  CCD?7  After  transform  2, 
the  pitch  of  the  voiced  speech  is  detected 
and  then  windowed  out  so  that  only  the 
smoothed  speech  spectrum  remains  at  the  out- 
put. This  spectra  can  be  used  to  extract 
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formant  data  and  If  this  Information  Is 
efficiently  encoded  data  rates  as  low  as 
1000  blts/s  are  real  izable.  Homomorphic 
deconvolution  Is  costly  to  Implement  dig- 
itally in  real  time  because  of  the  three 
sequential  transforms  which  are  required. 
However,  the  CCD  CZT  holds  the  promise  of 
truly  low  cost  Implementations  of  this  type 
of  processing. 

DOPPLER  PROCESSING  IN  MTI  RADAR 

MTI  (moving  target  Indicator),  radar 
operates  upon  the  principle  of  detecting 
moving  targets  of  small  cross  section  In 
the  presence  of  stationary  background  having 
much  larger  cross  section.  The  doppler  shift 
of  the  radar  return  Is  determined,  and  from 
this,  the  target  velocity  parallel  to  the 
radar  line  of  sight,  can  be  determined. 

Radar  returns  are  quasi-periodtc,  and 
the  sliding  CZT  can  be  used.  Typical  trans- 
form lengths  are  10  to  100  and  typical  pulse 
repetition  frequency  (PRF)  Is  1 kHz  to  100 
kHz.  A doppler  processor  may  be  required 
to  process  thousands  of  DFT's  on  parallel, 
(one  for  each  range  gate)  so  reducing  the 
cost  of  the  DFT  has  a large  cost  impact  on 
the  overall  system. 

A doppler  processor  1C  has  been  develop- 
ed 28’2*  which  performs  ten  17-point  CCD 
CZT's  of  the  type  shown  in  Figure  5.  The 
1C  contains  all  the  Integrated  amplifiers 
and  squaring  circuitry  required  to  obtain  the 
power  density  spectrum  in  each  range  bin. 

A doppler  processor  for  thousands  of  range 
bins  can  be  implemented  by  cascading  10-bin 
IC's  at  a projected  cost  of  approximately 
one-third  that  of  an  all  digital  processor 
designed  using  state-of-the-art  digital 
hardware. 28 

OTHER  APPLICATIONS 

Other  potential  applications  of  the 
CCD  CZT  include  processing  for  FUR  images, 
sonobuoy  signal  processing,  and  remote 
survel 1 lance. 

The  CCD  CZT  is  not  expected  to  make  the 
digital  FFT  obsolete  in  military  sistems. 
However,  for  those  spectral  analysis  applica- 
tions which  fulfill  the  twin  requirements 
of  modest  performance  and  high  volume, 
tremendous  cost  advantages  can  be  gained 
using  the  CCD  CZT.  More  applications 
will  certainly  emerge,  but  In  the  meantime. 


the  potential  cost  Impact  in  the  application 
areas  already  Identified  guarantees  the 
Importance  of  the  CCD  CZT  In  military  elect- 
ronic signal  processing  systems  of  the 
future. 
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Fig.  5 An  Implementation  of  the  CKT 

algorithm  using  real  components. 
The  power  density  spectrum  |Fk|3 
is  computed  for  an  input  which 
has  both  real  (in-phase)  and 
imaginary  (quadrature)  components. 


Fig.  6 A comparison  of  the  500-point 

sliding  CZT  power  density  spec- 
trum (upper  photograph)  with 
the  output  of  a conventional 
spectrum  analyzer  (lower  photo- 
graph which  shows  the  square 
root  of  the  power  density 
spect  rum) . 

The  input  signal  shown  at  the 
top  of  the  upper  photograph 
chirps  from  50  kHz  to  100  kHz 
with  a repetition  period  of 
Td  ■ 110  usee.  This  results 
in  a line  spectrum  having 
period  Tj"'  » 9 kHz. 


Fig.  7 Block  diagram  of  the  prime 
transform  implemented  with 
CCDs. 
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Fig.  8 The  calculated  response  of  the 
500-polnt  sliding  CZT  with 
Hamming  weighting  to  a complex 
input  sinusoid  of  frequency 
f|n  " lii  fc*  The  response 
Is  calculated  for  different 
values  of  CTE. 


1 2 3 4 5 6 1234  567  12345  67 


* RANDOM  NUMBERS 
0 SINE  WAVES 


Error  to  signal  ratio  com- 
puted as  a function  of  the 
number  of  bits  b^  used  to  quan 
tize  the  premultiply  and  post- 
multiply  chirp  waveforms.  The 
line  represents  Eq.  (21).  The 
points  represent  computer 
simulation  in  which  j>ust  the 
premultiply  or  postmultlply  is 
quantized. 
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Fig.  12  A custom  16  bit  |2|_  FFT  requiring 
9 IC's. 
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Fig.  13  Block  diagram  of  a system  to 
perform  homomorphic  deconvolu- 
tion of  speech  for  bandwidth 
reduction  (Ref.  24).  .This  is 
one  type  of  speech  processing 
which  is  particularly  amenable 
to  implementation  with  CCDs. 


RADAR  VIDEO  PROCESSING  USING  THE  CCD  CHIRP  Z TRANSFORM 

W.  H.  Bailey,  0.  D.  Buss, 

L.  R.  Hite,  M.  w.  Whatley 

Texas  Instruments  Incorporated 


ABSTRACT.  Radar  applications  for  CCD's  appeared  hopeless  due  to  high 
data  rate  requirements  until  the  realization  that  CCD's  were  applicable  to 
pulse  train  processing  Instead  of  monopulse  processing  (e.g.,  SWD's).  As 
a result,  CCD's  have  found  considerable  applications  In  radar  video  signal 
processing.  CCD  Implementation  of  the  Chirp  Z Transform  Is  a powerful  spec- 
tral analysis  technique  applicable  to  radar  Doppler  Processing.  Successful 
Integration  of  a small  CCD  Chirp  Z Transform  and  associated  peripheral  elec- 
tronics makes  a small  size,  low  power,  and  low  cost  Doppler  processor  for 
large  multirange  bln  radar  systems  very  attractive.  The  development  of  a 10 
range  bln,  17  point  Doppler  processor  chip  demonstrates  the  feasibility  of 
such  a processor. 


INTRODUCTION 


During  recent  years,  basic  ra- 
dar transmitter,  receiver,  and  an- 
tenna design  has  become  relatively 
mature.  Meanwhile,  larger  numbers 
of  potential  targets,  higher  resolu- 
tion, and  more  stringent  detection 
requirements  are  plaguing  radar  de- 
signers. As  a result,  more  emphasis 
Is  being  placed  In  signal  processing 
development  In  recent  years.  The 
development  of  surface  wave  device 
pulse  compression  filters  Is  a prime 
example.  The  use  of  digital  Doppler 
processors  based  upon  the  FFT  algo- 
rithm has  similarly  been  a signifi- 
cant development  within  the  past  de- 
cade. The  powerful  computational 
equivalency  of  CCD  transversal  fil- 
ters' In  performing  convolution  op- 
erations as  well  as  their  small  size 
and  low  power  make  the  development 
of  a CCD  Doppler  processor  exciting 
from  the  aspects  of  size,  weight, 
and  power  requirements. 

The  problem  of  detecting  a tar- 
get In  the  presence  of  Gaussian 
noise  Is  well  understood.  However, 
the  discrimination  of  multiple  tar- 


gets is  less  straightforward.  The 
most  common  problem  Is  the  detection 
of  a target  in  the  presence  of  "Gut- 
ter, the  radar  return  from  land, 
water,  trees,  man-made  structures, 
etc.  In  many  cases,  clutter  returns 
may  contain  more  power  than  desired 
target  returns  from  the  same  range 
bin  requiring  target  discrimination 
on  the  basis  of  a characteristic 
other  than  amplitude.  This  opera- 
tional environment  is  indicated  in 
F 1 gure  1 . 


cuma 


Figure  1.  Relationship  between 
(A)  Radar  Operating  Environment 
and  (B)  Spectral  Characteristics 
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The  most  common  criterion  for 
discrimination  of  multiple  targets 
within  a range  bln  is  the  use  of 
Doppler  frequency  discrimination 
techniques.  Since  many  clutter  tar- 
gets are  stationary  (or  nearly  so), 
the  most  common  approach  to  clutter 
rejection  Is  the  delay  line  canceler 
moving  target  indicator  (MTI)  which 
in  Its  simplest  configuration  delays 
a radar  video  return  for  a PRI  and 
differences  the  delayed  return  from 
the  succeeding  new  return.  Since  the 
returns  from  stationary  targets  occur 
at  the  same  location  in  the  data 
stream  each  PRI,  such  returns  should 
be  canceled.  When  considering  the 
delay  line  canceler  operation  in  the 
frequency  domain,  it  may  be  observed 
to  have  a spectral  response  as  indi- 
cated in  Figure  2.  This  response  has 
nulls  near  zero  frequency  and  the  PRF 
which  attenuate  the  clutter  returns 
and  the  aliased  clutter  returns. 


Figure  2.  Canceler  MTI  Response 

Internal  clutter  motion,  high 
clutter  rejection  requirements,  and 
system  instabilities  cause  delay  line 
cancelers  to  be  more  sophisticated 
than  indicated  above.  Such  cancelers 
have  typically  been  implemented  using 
A/D  converters  and  digital  delay 
lines.  The  use  of  analog  CCD  delay 
line  cancelers2  has  been  demonstrated 
and  promises  to  be  a less  costly  and 
smaller  approach  than  conventional 
digital  approaches. 

As  indicated  in  Figure  2,  the 
delay  line  canceler  MTI  is  ineffec- 
tive in  the  discrimination  of  clutter 
returns  having  Doppler  shifts.  Rain 
clutter  or  chaff  are  two  important 
examples  which  have  Doppler  shifts 
proportional  to  the  local  wind  veloc- 
ity. Internal  motion  within  a rain 
cell  will  generally  cause  a spread  in 
the  spectral  characteristics  of  the 
return  as  indicated  in  Figure  2.  In 


order  to  discriminate  against  Doppler 
shifted  clutter  returns  or  against 
multiple  targets  within  a range  bin, 
more  sophisticated  spectral  analysis 
is  required. 

The  use  of  range  sorting  tech- 
niques followed  by  contiguous  band- 
pass filter  banks  in  each  range  bin 
is  an  obvious  approach  to  frequency 
discrimination  of  targets  within  a 
range  bin.  This  approach  is  general- 
ly impractical  for  large  radars  since 
the  filter  bank  must  be  duplicated 
for  each  range  bin. 

Another  crude  frequency  analysis 
technique  is  the  single  sideband  mod- 
ulation of  an  incoming  signal  with  a 
repetitive  linear  FM  (chirp)  waveform 
which  is  then  passed  through  a band- 
pass filter.  The  relative  Lime  of 
occurrence  of  the  filter's  output  can 
be  used  as  a measure  of  the  incoming 
signal's  frequency.  This  technique 
is  conceptually  similar  to  the  Chirp 
Z Transform  which  can  be  shown  to 
give  the  true  power  spectral  density 
of  the  incoming  signal. 

Digital  implementations  of  dis- 
crete ( DFT ) or  fast  (FFT)  Fourier 
transforms  have  permitted  the  achieve 
ment  of  the  necessary  frequency  reso- 
lution to  inhibit  the  processing  of 
Doppler  shifted  clutter  targets.  In 
addition  to  improving  subclutter  vis- 
ibility, DFT  processing  provides  co- 
herent integration  over  N samples 
which  ideally  increases  the  signal- 
to-noise  ratio  by  a factor  of  N for 
a signal  in  the  presence  of  white 
noise . 

While  the  use  of  DFT  or  FFT 
techniques  to  implement  a pulse  Dop- 
pler processor  are  well  understood, 
such  a processor  is  quite  complex  for 
practical  multirange  bin  radars  con- 
tributing to  a significant  fraction 
of  the  total  cost  of  the  system. 

THE  CCD  CHIRP  Z TRANSFORM 

The  powerful  computational  equiv 
alency  of  CCD  transversal  filters  in 
the  solution  of  matrix  equations,  and 
particularly,  the  performance  of  con- 
volution operations,  has  led  to  the 
observation  that  such  a filter  can 
provide  an  operational  breakthrough 


I 


in  performing  high  speed  (up  to  10 
MHz)  DFT's  through  use  of  the  Chirp  Z 
Transform  (CZT).  The  CZT  has  been 
known  for  some  time,3"'  but  has  gen- 
erally been  considered  a mathemati- 
cal curiosity  since  on  the  order  of 
N log,  N computations  are  required, 
and  thus,  offers  no  simplification 
over  a conventional  FFT  using  digital 
implementations . 

By  starting  with  the  classical 
OFT  equation, 

N-l  -i2irnk 


K <» 

n=0 

it  may  be  shown  that  the  DFT  may  be 
easily  Implemented  using  CCD  trans- 
versal filters  to  perform  the  bulk  of 
the  required  computation.5’6  By  sub- 
sti tuting 

-2nk  = (n  - k)2  - n2  - k2  (2) 

into  Equation  1,  the  expression  for 
the  CZT  is  derived: 


the  input  sequence  fn  e with  N 

values  of  a chirp  waveform  which  has 
a total  of  2N-1  values  implying  that 
the  input  data  fn  must  be  blanked 
such  that 

* jfn  0 < n < N-l 

fn  = { 0 N < n < 2N - 1 

in  order  that  the  undesired  filter 
weighting  coefficients  do  not  contri- 
bute when  calculating  the  appropriate 
Fourier  coefficients. 

Equation  3 can  be  more  directly 
implemented  using  CCD's  by  substitut- 
i ng 

n = k - m + N (5) 

where  m denotes  the  mth  CCD  stage. 

The  Fourier  coefficient  is  then 


- i Trn 2 2 N-l 
Fk  - e £ 


Fk  = e =' 


A 1*  / - i it  n 2 i tt  ( n - k ) 2 \ 

n ) 


i tt  ( m- N ) 2 
N 


■ i tt  ( k-m+N ) 2 

1 


This  equation  may  be  viewed  as  a 
series  of  operations  performed  with 
the  complex  linear  FM,  or  chirp, 

- i tt  n 2 

waveform,  — jj — . The  calculation 
e 

of  Fk  may  be  accomplished  by  (1)  mul- 
tiplication of  the  sequence  f n by  a 
chirp  waveform,  (2)  convolution  of 
the  new  waveform  with  the  oppositely 
sensed  chirp  waveform,  and  (3)  a fi- 
nal chirp  multiplication  which  gives 
the  correct  phase.  When  only  the 
power  density  spectrum  |Fk|  is  de- 
sired, the  final  chirp  multiplica- 
tion may  be  replaced  by  a sum-of-the 
squares  operation. 

In  order  to  calculate  the  com- 
plete spectrum  (i.e.,  Fk  for  0<k<N-l) 
In  general  requires  2N-1  calcuTations 
of  the  summation  indicated  In  Equa- 
tion 3 due  to  the  filter  loading  time. 
The  calculation  of  all  N Fourier  co- 
efficients requires  convolution  of 


which  implies  convolution  in  a com- 
plex CCD  correlator  of  length  2N-1 . 
Due  to  the  blanked  nature  of  the  in- 
put data,  the  chirp  multiplication 
indicated  in  the  bracketed  term  is 
only  necessary  over  the  range  of  n 
over  which  fn  was  nonzero  so  that  the 
input  sequence  fn  is  required  to  be 
multiplied  by 


-inn2 

N 


0 < n < N 


The  CCD  transversal  filter  tap  weights 
are  defined  as 


hm  = e 


iir(m-N)2 

N 


1 < m < 2N 


The  blanking  of  the  input  se- 
quence fn  can  be  a problem  when  a 
continuous  spectrum  of  a continuous 
signal  is  desired.  This  can  be  accom- 
plished by  two  CZT's  which  have  stag- 


gered  timing.  However,  the  use  of  the 
continuous,  or  sliding,  CZT2  can  be 
used  to  advantage  in  many  such  appli- 
cations. Figure  3 indicates  th?  pri- 
mary differences  between  the  exact 
CZT  and  the  continuous  CZT  for  a five 
point  transform.  The  exact  CZT  uti- 
lizes input  samples  x0  - x„  to  obtain 
Fourier  coefficients  X0  - X„.  Input 
samples  x5  - x9  are  required  to  be 
blanked  and  a new  set  of  Fourier  co- 
efficients are  calculated  from  x,0  - 
x11(.  The  continuous  CZT  calculates 
the  first  Fourier  coefficient  X0  on 
the  input  samples  x0  - , the  second 

coefficient  Xj  on  input  samples  x,  - 
x5,  etc.  The  continuous  CZT  is  equiv- 
alent to  the  exact  DFT  in  the  calcu- 
lation of  power  spectra  for  spectra 
unchanging  over  the  time  2NTC  where 
N is  the  transform  length  and  Tc  is 
the  sampling  period.  The  continuous 
CZT  calculates  the  same  phase  as  the 
exact  DFT  for  input  signals  periodic 
in  N . 

TiM 
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Figure  3.  Comparison  of  the  Exact 
CZT  with  the  Continuous  CZT 


The  continuous  transform  can  be 
defined  by  the  equation 

k+N-1 

FkC  = 2 fn  e' 1 ^irnk/N  (9) 


In  this  case,  an  N point  correlator 
is  capable  of  generating  N Fourier 
coefficients.  By  making  a substitu- 
tion similar  to  Equation  5 and  a 
shift  of  the  summation  index,  this 
expression  can  be  reduced  to  an  ex- 
pression similar  to  Equation  6 in 
which  chirp  through  zero  frequency 
waveforms  may  be  used.  This  is  espe- 
cially convenient  for  using  CCD  fil- 
ters since  it  permits  minimization  of 
the  Nyquist  sampling  rate.  The  input 
chirp  waveform  samples  for  this  con- 
tinuous chirp  through  zero  case  are 
defined  by 

Cn  = e"Mn-N/2)VN  1 £ n £ N 

which  implies  Nyquist  sampling  at  the 
frequency  extremities. 

Sidelobe  reduction  is  a key  fac- 
tor in  the  achievement  of  high  sub- 
clutter visibility.  Apodization  for 
reduction  of  sidelobes  may  be  uti- 
lized on  filter  weighting  coeffi- 
cients for  the  continuous  CZT,  but 
must  be  accomplished  on  either  the 
input  chirp  or  signal  waveforms  for 
the  exact  CZT.  Most  apodization  tech- 
niques are  approximations  to  Dolph- 
Chebyschev  weighting  and  are  well 
documented.7  Attendant  with  sidelobe 
reduction  are  correlation  pulse  width 
broadening  which  sacrifices  frequency 
resolution  and  a decrease  in  proces- 
sing gain.  Sidelobe  levels  for  CCD 
filters  are  ultimately  limited  by  tap 
weight  round-off  inaccuracies,  but 
computer  simulation  indicates  side- 
lobe levels  below  40  dB  are  achiev- 
able. Aliasing  considerations  are 
extremely  important  in  the  realiza- 
tion of  low  sidelobe  levels  when 
using  the  continuous  CZT.  Of  partic- 
ular importance  is  the  generation  of 
CR  such  that 

cn  + N = cn  O'! ) 


In  order  that  the  phase  of  the  pro- 
duct fn  Cn  Is  continuous  through  the 
folding  frequency. 


CCD  CZT  DOPPLER 
PROCESSOR  IMPLEMENTATION 


Figure  4 shows  the  conceptual 
Implementation  of  a range-gated  CZT 
Doppler  Processor.  Functionally, 
this  processor  Is  analogous  to  the 
FFT  processor.  The  I and  Q video 
signals  for  all  range  bins  of  given 
pulse  return  are  multiplied  by  the 
properly  weighted  sample  of  the  down- 
chirp  signal  as  required  ’n  the  first 
step  of  the  CZT  algorithm.  Range 
gating  may  be  accomplished  by  commu- 
tation or  demultiplexing  operations. 
Commutation  Is  accomplished  by  se- 
quentially switching  the  appropriate 
correlator  into  an  analog  data  bus. 
Demultiplexing  may  be  accomplished  by 
storing  video  samples  corresponding 
to  M range  bins  in  a serial  in  - par- 
allel out  CCD  each  PRI.  At  the  com- 
pletion of  the  PRI,  the  samples  are 
simultaneously  transferred  out  into  M 
chirp  correlators.  It  is  seen  that 
these  chirped  time  samples  propagate 
through  the  chirp  filters  at  a rate 
of  one  position  per  PRI.  Thus,  one 
spectral  sample  is  produced  every  PRI 
from  the  output  of  each  chirp  filter. 
That  is,  for  a given  range  bin,  the 
spectral  samples  emerge  in  sequence 
with  N PRI's  required  to  obtain  an  N- 
point  spectrum  of  the  input  time  se- 
ries . 


Range  Gate 
Buffer  Array 


Figure  4.  Range  Gated  Pulse  Doppler 
Processor  Utilizing  the  CZT 


In  general,  all  quantities  in 
the  previous  CZT  equations  are  com- 
plex. To  perform  complex  processing 
in  real  hardware,  parallel  channels 
are  implemented  for  the  real  and  the 
imaginary  components  of  each  term. 
[The  complex  data  sample  f has  al- 
ready been  separated  into  real  and 
imaginary  components  by  virtue  of  the 
I and  Q radar  video  processing.]  Fig- 
ure 5 shows  in  more  detail  the  imple- 
mentation of  the  CZT  by  examining  the 
processing  for  the  Kth  range  bln.  The 
range  gate  buffer  array  supplies  sine 
and  cosine  components  of  the  chirped 
time  series  at  the  sample  rate  (i.e., 
the  PRF ) . Each  of  these  components 
is  then  processed  in  sine  and  cosine 
filters.  For  example,  the  cosine 
components  of  the  chirped  series  when 
applied  to  the  cosine  filter  is  per- 
forming the  correlation  operation: 


T.  9 ( n ) h ( 


k - n) , 


where 


g(n)  = xn  cos(^) 


h(k  - n)  = cos 


U(k  - n) 


which  is  a component  of  the  required 
correlation.  This  component  is  com- 
bined with  the  three  other  outputs  as 
shown  in  the  figure. 


Figure  5.  Filter  for  a 
Single  Range  Bin 
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In  pulse  Doppler  radar  proces- 
sing, the  power  spectrum,  rather  than 
the  complex  Fourier  transform,  is 
usually  the  quantity  of  interest. 
Thus,  the  third  step  of  the  algorithm 
(multiplication  by  the  second  chirp) 
may  be  omitted.  The  I and  Q channel 
components  re  finally  combined  in  a 
vector  magnitude  algorithm.  Output 
processing  consists  of  thresholding, 
which  may  be  adaptive  or  fixed  (on  an 
individual  Doppler  bin  basis  to  re- 
ject clutter  and  detect  moving  tar- 
gets), and  Doppler  bin  combining. 

Since  the  number  of  range  bins 
required  for  most  radar  systems  vari- 
es between  50  and  several  thousand,  a 
Doppler  processor  chip  approach  that 
can  readily  be  expanded  to  accommo- 
date any  required  number  of  range 
bins  is  desirable.  This  approach  can 
best  be  effected  by  commutating  the 
video  return  into  a desired  number  of 
identical  chips.  These  chips  can  be 
structured  to  perform  the  block  dia- 
gram functions  of  Figure  4.  The  vid- 
eo return  on  the  chip  must  first  be 
sorted  into  appropriate  range  bins  by 
a demultiplexing  or  commutating  oper- 
ation. This  range-sorted  video  re- 
turn must  then  be  applied  to  in-phase 
(I)  and  quadrature  (Q)  matched  fil- 
ters whose  outputs  are  squared  and 
summed  to  eliminate  an  output  ampli- 
tude - input  phase  dependence.  Of 
significant  importance  in  the  suc- 
cessful integration  of  these  func- 
tions is  the  ability  to  derive  the 
output  signal  from  the  CCD  matched 
filters,  to  perform  a reasonable  ap- 
proximation to  an  analog  squaring 
function,  and  to  do  an  analog  signal 
summation  a multiplicity  of  times  on 
a single  chip.  If  such  functions  are 
not  integrated  on  the  chip,  the  pack- 
age size  quickly  becomes  dominated  by 
the  large  pinout  requirement.  The 
small  system  size  advantage  of  a CCD 
Doppler  processor  is  not  as  obvious 
due  to  the  requirement  of  additional 
circuitry  to  perform  these  processing 
f u nctions . 

The  first  attempt  at  designing 
such  a chip  was  a single  channel, 
four-range  bin  chip  comprised  of  a 
sine  and  cosine  filter  pair  for  each 
range  bin.  A single  on-chip  differ- 


ential current  Integrator  (DCI)  com- 
plete with  dual  MOS  Integrating  ca- 
pacitors was  placed  on  this  bar.  Two 
filter  chips  (I  and  Q channels)  as 
well  as  sixteen  DCI  chips  were  com- 
bined to  construct  a four  range  bin 
version  of  the  system  shown  in  Fig- 
ures 4 and  5.  Bipolar  operational 
amps  and  analog  multiplers  were  uti- 
lized to  accomplish  the  majority  of 
the  remaining  functions.  The  bread- 
board was  operated  assuming  a PRF  of 
1 kHz  and  a transmitted  pulse  width 
of  10  ps . 

A very  elaborate  SSB  generation 
scheme  was  utilized  to  simulate  I and 
Q baseband  radar  video  signals  over 
the  frequency  range  from  30  Hz  to  800 
Hz  which  was  determined  by  the  side- 
band filter  characteristics.  The 
breadboard  was  capable  of  performing 
spectral  analysis  over  the  frequency 
range  from  0 to  1 kHz  with  resolution 
of  58.8  Hz.  Figure  6 indicates  the 
response  of  the  breadboard  to  sinu- 
soids of  100  and  500  Hz.  Figure  7 
indicates  the  simultaneous  response 
of  the  four  range  bins  to  a continu- 
ous sinusoid.  Sampling  the  I and  Q 
sinusoids  during  the  appropriate 
range  bin  window  permits  the  simul- 
taneous response  of  Figure  8 to  be 
achieved. 


Figure  6.  Single  Range  Bin  Response 
of  Doppler  Processor  Breadboard 
to  (a)  100  Hz  Sinusoid  and 
(b)  500  Hz  Sinusoid 


9 which  shows  the  impulse  response 
of  two  of  the  filters  as  well  as  an 
overall  correlation  response. 
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Figure  7.  Simultaneous  Response  of 
Four  Range  Bins  to  a Continuous 
Sinusoidal  Input  Signal 


Figure  8.  Simultaneous  Response  of 
Four  Range  Bins  to  a Sampled 
Sinusoidal  Input  Signal 
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A second  bar  has  been  fabricated 
in  an  attempt  to  develop  a modular 
Doppler  processor  chip  which  may  be 
cascaded  to  achieve  any  desired  num- 
ber of  range  bins  of  processing.  This 
chip  contains  complete  I and  Q pro- 
cessing of  17  point  CZT's  for  10 
range  bins.  This  bar  has  the  dimen- 
sions of  275  mils  by  280  mils  and 


conta i n 

the  following: 

2 - 

Range  Commutating  Shift 
Registers 

40  - 

17  Point  Chirp  Filters 

20  - 

Differential  Current 
Integrators 

20  - 

Sample  and  Hold  Circuits 

20  - 

Differential  Amplifiers 

20  - 

Transconductance  Multi- 
pl iers 

This  bar  is  perhaps  the  most  am- 
bitious attempt  made  to  date  in  the 
Integration  of  perlhperal  CCD  elec- 
tronic circuitry.  Chip  operation  has 
been  achieved  as  indicated  in  Figure 


(b) 


(c) 


Figure  9.  Impulse  Responses  for 
ir(n  - f)2 

(a)  -sin  ^ and 

tt ( n - £)2 

(b)  -cos  filters  and 

(c)  Correlation  Response  for  10  Range 
Bin,  17  Point  Doppler  Processor 
Chip 


n 


CONCLUSION 

The  development  of  the  10  range 
bln  Doppler  processor  bar  has  demon- 
strated the  feasibility  of  Integrat- 
ing short  CCD  transversal  filters  and 
the  required  peripheral  electronics 
on  the  CCD  chip  to  accomplish  sophis- 
ticated functions  such  as  multirange 
bln  Doppler  processing.  Such  inte- 
gration Is  the  key  to  an  economical 
Doppler  processor  chip  which  can 
serve  as  a building  block  for  large 
multirange  bln  systems.  Improvements 
in  circuit  performance  and  minimiza- 
tion of  chip  size  (or  extension  to 
longer  transforms)  are  expected  with 
improvements  in  peripheral  circuitry 
technology. 
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LINEARISATION  OF  THE  CHARGE  COUPLED  DEVICE  TRANSFER  FUNCTION 


D.J.  MacLENNAN  J.  MAVOR 

University  of  Edinburgh,  Scotland. 


ABSTRACT 


The  adoption  of  charge-coupled  devices  in  analogue  signal  processing  applications  is 
dependent  on  several  performance  parameters  being  achieved  such  as: 

(a)  Low  charge  transfer  inefficiency, 

(b)  High  sampling  rate, 

(c)  High  signal  to  noise  ratio,  and 

(d)  Low  harmonic  distortion. 

The  first  three  parameters  have  been  studied  in  some  detail  and  are  at  the  stage  where  most 
applications  can  be  satisfied.  Parameter  (d)  however,  is  not  easily  achieved,  and  currently 
only  one  technique  has  been  developed  which  yields  overall  ccd  distortion  lower  than 
40  dB  without  seriously  degrading  dynamic  range.  The  limitations  of  this  technique  are 
outlined  and  a potentially  powerful  technique  for  obtaining  low  harmonic  distortion 
coupled  with  optimum  dynamic  range  is  discussed  in  detail.  The  technique  utilises  a 
sensing  structure  positioned  adjacent  to  the  ccd  input  gate  in  order  to  sense  the 
quantity  of  charge  being  injected  into  the  ccd;  the  signal  from  this  circuit  being  used 
as  feedback  to  control  the  quantity  of  charge  entering  the  ccd.  Assuming  low  loss 
transfer,  this  technique  may  be  utilised  to  obtain  a highly  linear  transfer  function  from 
many  of  the  ccd  devices  likely  to  be  used  in  signal  processing  applications. 

INTRODUCTION 


The  operational  parameters  of  charge- 
coupled  devices  in  signal  processing 
applications  can  be  clearly  specified  for 
many  applications.  High  transfer 
efficiency,  bandwidth  and  signal  to  noise 
ratios  can  be  achieved,  and  in  some  cases 
these  are  obtainable  with  low  harmonic 
distortion.  In  many  situations  however, 
low  distortion  and  high  dynamic  range  are 
difficult  to  achieve  simultaneously  unless 
some  method  is  used  to  linearise  the 
charge  injection  and  detection.  It  is 
thus  extremely  important  to  produce  ccd's 
for  signal  processing  applications,  which 
have  a low  harmonic  distortion, 
independent  of  dynamic  range. 


Many  different  schemes  exist  for  injecting 
charge  into  ccd's.  Their  basis  is  to 
inject  a quantity  of  charge  which  is 
proportional  to  the  input  signal  voltage 
level.  The  most  coirmonly  used 
linearisation  technique,  potential 
equilibration'*2,  involves  injecting  a 
quantity  of  charge  in  such  a manner  as  to 
produce  a linear  relationship  between  the 
surface  potential  under  the  collecting 
well  and  the  surface  potential  under  an 
input  gate.  The  technique  relies  on  the 
assumptions  that: 
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(a)  No  distortion  is  introduced  during 
transfer 

(b)  A detection  circuit  is  available 
which  can  transform  surface 
potential  linearly  to  an  output 
signal . 

The  latter  assumption  proves  to  be  an 
important  limitation  in  the  fabrication  of 
delay  lines  and  prograimable  matched 
filters  when  a floating-gate  sensing 
technique  is  utilised-*.  This  limitation 
has  led  to  the  development  of  a technique 
which  overcomes  the  problems  of  sensing  and 
input  circuit  non-linearities  and  thus 
provides  a linear  ccd  transfer  function. 

FEEDBACK  LINEARISATION 

The  principles  of  operation  of  the 
linearisation  technique  are  demonstrated  in 
Figure  1.  The  input  signal  is  applied  to  a 
differential  amplifier,  the  output  of  which 
is  connected  to  a diode  diffusion  at  the 
ccd  input.  Adjacent  to  this  diffusion  is  a 
gate,  the  potential  of  which  is  pulsed  high 
after  the  commencement  of  the  second-phase 
pulse  and  is  returned  to  a low  potential 
prior  to  the  termination  of  the  succeeding 
third-phase  pulse.  During  the  period  when 
this  gats  potential  is  high,  minority 
carriers  flow  from  the  input  diffusion  to 
the  potential  well  below  the  first  tap 


top  1 output  output 


input  diode 


rrmr 

S'  | — 17  17 — l T 


Fig.l.  Circuit  and  timing  diagram  for 
feedback  linearisation  technique 


electrode.  The  quantity  of  charge 
residing  in  this  well  is  sensed  using  a 
floating-gate  reset  technique  and  the 
output  of  the  sense  amplifier  is  used  as 
feedback  to  the  differential  amplifier. 

As  a result  of  the  feedback,  the  charge 
injected  into  the  ccd  is  controlled  in 
such  a manner  as  to  give  an  output 
voltage  from  the  sense  amplifier  which 
follows  the  input  voltage  according  to  the 
equation: 

Vout  = + ^1  * A2»’ 

where  A-|  is  the  gain  of  the  differential 
amplifier  stage  and  A2  is  the  variable  loss 
between  the  input  diode  and  the  sense 
amplifier  output.  From  this  equation,  when 
A-|  x A2  is  much  greater  than  unity,  the 
transfer  function  of  the  device  is  linear. 
For  reasonable  amplifier  gains,  this 
inequality  is  valid  over  virtually  the 
entire  signal  charge  range;  A2  only 
tending  to  zero  for  zero  charge  and  as 
saturation  of  the  tap  potential  well  is 
reached. 

The  technique  was  implemented  using  a 
single-level  metal  ccd  fabricated  on 
10  fl  cm,  <100>  orientation  n-type  silicon. 
The  tap  electrodes  and  the  transfer 
electrodes  were  8 and  4 pm  long 
respectively  with  2 pm  gaps.  The  gain  of 
the  differential  amplifier  was  100  giving 
an  overall  open  loop  gain  (A^  x A2)  of 
approximately  25. 

Figure  2 demonstrates  the  open  loop 
response  of  the  device  to  a triangular 
waveform  and  Figure  3,  the  response  with 
feedback  applied.  The  improvement  in 
linearity  can  clearly  be  seen,  even  for  the 
relatively  low  open  loop  gain  used.  The 
only  curvature  visible  on  the  corrected 
waveform  occurs  just  prior  to  saturation 
being  reached  as  predicted  above. 

A spectral  analysis  of  the  output  of  the 
first  tap  sense  amplifier  was  performed. 

A low  frequency  sinusoidal  signal  was 
applied  to  give  a 95%  of  maximum  output 
voltage  swing  and  the  following  results 
were  obtained: 

Fundamental  0 dB 

2nd  harmonic  < -40  dB 

3rd  harmonic  •<  -50  dB 

4th  harmonic  -50  dB 

5th  harmonic  •<  -50  dB 
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Fig. 2.  Input  and  output  waveforms  without 
linearisation 

Input:  10  mV/division 

Output:  approximately  200  mV/division 

Horizontal:  5 ms/division 


Fig. 3.  Input  and  output  waveforms  with 
linearisation 

Input:  200  mV/division 

Output:  approximately  200  mV/division 

Horizontal:  5 ms/division 

A measurement  of  charge  residual  after  127 
transfers  gave  a residual  inefficiency  of 
less  than  3 x 10'4  per  transfer  and  the 
signal  to  noise  ratio  at  both  input  and 
output  taps  was  much  greater  than  50  dB. 
The  signal  was,  however,  subjected  to  a 
20%  of  maximum  reduction  in  charge 
magnitude  at  the  ccd  output  tap  due  to 
recombination  at  the  low  resting  potential 


used.  This  resulted  in  the  output  sensing 
circuitry  being  operated  in  a different 
part  of  its  non-linear  transfer  curve  from 
the  input.  Using  the  measurement  „ 
technique  outlined  by  Sequin  and  Mohsen  , 
the  2nd  and  3rd  harmonics  at  the  ccd 
output  tap  were  less  than  -35  and  -45  dB 
respectively,  even  for  the  highly 
unacceptable  loss  of  signal  experienced. 

AMPLIFIER  CONSIDERATIONS 


The  design  of  the  differential  amplifier 
used  in  the  feedback  loop  is  of  fundamental 
importance  to  the  stability  and  frequency 
performance  of  the  technique.  A wideband 
bipolar  operational  amplifier  was  used  in 
the  prototype  system  described  above,  but 
for  frequencies  up  to  several  MHz  there 
appears  to  be  no  fundamental  reason  why  a 
M0S  amplifier  could  not  be  used.  In  many 
of  the  signal  processing  applications 
utilising  this  type  of  linearisation,  an 
operational  amplifier  could  prove  to  be  a 
useful  device  to  have  integrated  with  the 
ccd  and  for  this  reason  a M0S  operational 
amplifier  is  considered  to  be  particularly 
desirable. 

The  open  loop  response  of  the  circuit  with 
the  input  gate  in  the  on  condition  should, 
for  stability,  contain  a dominant  pole  at 
frequency  coc  producing  a 20  dB/decade 
roll-off  until  below  unity  gain.  Figure  3. 
As  the  input  gate  is  switched  off,  however, 
the  series  resistance  associated  with  the 
channel  directly  below  it  increases  in 
value,  introducing  a constantly  reducing 
pole  in  the  loop  response.  Hence,  from 
the  time  that  this  pole  reaches  unity  gain 
frequency  u)u  until  it  is  lower  than 
ioc2/u>„,  the  closed  loop  is  potentially 
unstable.  However,  since  the  time  taken 
for  this  to  occur  is  much  less  than  the 
loop  delay,  there  appears  to  be  no 
deleterious  effect  on  the  closed  loop 
stability. 

The  equivalent  input  drift  of  a M0S 
operational  amplifier  could  also  prove  to 
be  a problem.  However,  since  the  amplifier 
is  active  for  somewhat  less  than  50%  of 
the  time,  it  should  be  possible  to 
incorporate  a stabilisation  circuit  similar 
to  that  discussed  by  Fry4  and  substantially 
reduce  this  effect. 


293 


- 


I 

! 

I 

; 


Fig. 4.  Change  in  open  loop  response  during 
input  gate  switch  off 

CONCLUSIONS 

In  conclusion,  a technique  has  been 
developed  for  electronically  controlling 
the  quantity  of  charge  introduced  into  a 
ccd  in  such  a manner  as  to  produce  an 
output  signal  from  a non-linear  sensing 
circuit,  which  is  a near  replica  of  the 
input  signal.  The  advantages  of  the 
technique  may  be  summarised  as  follows: 

(a)  It  produces  a linear,  ccd  transfer 
function, 

(b)  May  be  used  with  any  non-linear, 
non- destructive  sensing  technique, 

(c)  May  be  applied  to  buried  channel 
and  peristaltic  ccd's, 

(d)  Provides  a designable,  fixed  gain 
transfer  function, 

(e)  Allows  the  designer  to  choose  the 
degree  of  linearity  desired  by 
varying  the  open  loop  gain,  and 

(f)  May  be  used  with  multiplexed  ccd's 
to  overcome  input  threshold 
voltage  variations. 


with  ccd's  allows  other  signal  processing 
functions  such  as  multiplication  to  be 
performed.  Hence,  the  amplifier  should 
ideally  be  produced  in  a technology 
compatible  with  the  ccd  in  order  that  a 
high  level  of  integration,  and  thus  low 
unit  cost,  may  be  achieved  in  signal 
processing  devices. 
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The  requirement  for  an  operational 
amplifier  at  the  ccd  input  may  initially 
appear  to  be  a major  disadvantage. 

However,  some  form  of  buffer  amplifier  is 
likely  to  be  necessary  in  virtually  all 
applications.  In  recursive  filters  for 
example,  such  an  amplifier  is  essential 
for  the  summation  process,  and  if  combined 
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A CCD-SAW  PROCESSOR  FOR  PULSE  DOPPLER  RADAR  SIGNALS 


J B G Roberts  R Eames  R F Simons 

Royal  Radar  Establishment,  Malvern,  England 


ABSTRACT  The  use  of  different  clock  rates  for  data  input  and  output  in  CCD  analogue 
signal  processors  provides  a convenient  means  of  adjusting  the  duration  and  bandwidth  of 
signals  to  suit  subsequent  operations.  This  feature  can  be  usefully  incorporated  into  a 
CCD  analogue  store  for  radar  data  which  is  also  designed  to  re-order  the  data  sequence 
for  doppler-frequency  analysis  using  surface  acoustic  wave  chirp  filters.  The  combination 
of  msec  storage  times  available  with  CCD  and  the  precision  high-speed  processing  of  SAW 
devices,  made  compatible  by  the  flexibility  of  CCD  time  scales,  provides  a powerful 
capability  for  high  resolution  multi-channel  frequency  analysis  involving  comparatively 
simple  hardware  which  can  accommodate  a range  of  radar  parameters. 


INTRODUCTION  a CCD.  This  expands  the  bandwidth  and 

shortens  the  duration  by  a factor  of  order 

A coherent  pulse  radar  signal  contains  much  1000  so  that  these  parameters  are  brought 
information  which  it  is  usually  uneconomic  within  the  scope  of  SAW  processing.  The 

to  extract  because  of  hardware  size  and  CCD  store  can  also  be  configured  so  as  to 

complexity.  In  particular,  it  is  advan-  separate  the  incoming  data  stream  into 

tageous  to  resolve  the  doppler  frequencies  sequences  from  different  range  cells,  for 

of  targets  even  when  their  velocities  are  individual  spectral  analysis.  Because  of 

not  required  because  narrowband  detection  the  shortened  time  scale,  data  from  many 

excludes  much  of  the  noise  (or  jamming)  range  bins  can  be  analysed  in  a time  equal 

which  tends  to  obscure  the  target.  Full  to  the  accumulation  period.  The  duration 

doppler  processing  of  this  kind  requires  a of  the  CCD  output  streams  are  matched  to 

bank  of  many  narrow  (eg  tens  of  Hz)  band  the  fixed  length  of  the  SAW  filters  but  the 

filters  for  each  resolved  range  cell  or  input  rate  is  set  by  the  radar  pulse  repet- 

some  equivalent  hardware,  for  example  using  ition  rate  (prf)  and  range  cell  spacing, 

digital  Fourier  transformation.  Such 

processing  is  rarely  implemented  because  of  ARCHITECTURE  OF  THE  PROCESSOR 

the  complexity  and  cost  of  existing  methods  ' " 

but  it  now  appears  that  the  advent  of  CCD  The  CCD  data  store  required  is  a serial-to- 

and  surface  acoustic  wave  (SAW)  signal  parallel  arrangement  schematically  shown  in 

processing  methods  may  change  this  situation.  Fig  1.  The  input  accepts  a video  signal  as 

allowing  a processor  to  be  built  up  to  suit  discrete  analogue  samples  clocked  into  the 

a given  requirement  (specified  in  terms  of  upper  (serial)  CCD  register  during  the 

pulse  repetition  frequency  (prf),  number  strobed  time  interval  following  the  trans- 

and  size  of  range  cells  and  number  of  pulses  mission  of  a radar  pulse  and  corresponding 
to  be  coherently  processed)  from  fairly  to  the  range  interval  of  interest.  For 

single  standard  modules.  simplicity  we  will  assume  that  1 sample  per 

range  gate  interval  is  used  (2  would  allow 

The  basis  for  this  is  that  the  established  more  protection  against  range  straddling 

capability  of  SAW  spectrum  analysers  using  loss).  After  the  serial  acquisition  of  data 

chirp'  filters  (linearly  dispersive  delay  from  each  radar  pulse,  the  serial  clock  is 

lines)  can  be  applied  to  radar  doppler  stopped  and  the  clock  for  the  parallel 

analysis  by  time-compressing  the  data  using  registers  taken  through  one  cycle  so  that 


Input 


Fig  1 Storage  Format 

the  latest  samples  enter  the  top  of  the 
parallel  stacks.  After  a number  of  rader 
pulses,  these  each  contain  the  history  of 
the  video  amplitude  corresponding  to  a par- 
ticular range. 

In  the  simplest  mode  of  operation,  a data 
matrix  is  filled  containing  RP  samples  from 
P radar  pulses  and  R range  cells,  the  input 
is  inhibited  or  directed  to  another  similar 
store,  and  the  stacks  are  clocked  in  turn  to 
output  the  data  streams  at  high  speed  for 


rapid  spectral  analysis 
restricted  proportion  of  the  pulse  repet- 
ition interval,  T,  is  to  be  analysed  so  that 
some  dead  time  is  available  between  pulses 
during  which  the  readout  of  one  parallel 
register  can  occur.  In  this  case  the 
Doppler  frequency  processing  for  successive 
range  cells  is  based  on  slightly  offset  time 
windows.  For  the  particularly  simple  case 
of  R * P each  range  store  is  just  filled  as 
its  turn  for  readout  occurs.  If  P>R  then 
each  new  cycle  of  readouts  has  to  await  the 
refilling  of  the  store  while  if  P<R,  more 
than  one  range  readout  is  necessary  between 
radar  pulses  to  avoid  losing  data. 

The  output  data  is  put  through  a sample-hold 
circuit  to  strip  off  the  unwanted  clock 
transients  and  presented  to  the  spectrum 
analyser.  Since  only  the  power  spectrum  is 
required,  this  takes  a simple  form  built 
around  two  'chirp'  or  linear  FM  filters. 

The  first  is  impulsed  to  generate  a chirp 
signal  at  a convenient  IF  which  is  mixed 
with  the  signal  to  form  the  input  for  the 
second  chirp  filter. 

The  second  filter  acts  as  a pulse  compressor 
for  each  frequency  component  of  the  original 
signal,  delivering  an  amplitude  peak  delayed 
in  time  proportionally  with  the  input  fre- 
quency. The  detected  output  then  represents 


the  amplitude-frequency  spectrum  of  the  in- 
put signal  from  one  range  interval  and 
threshold  detection  can  be  applied.  The 
noise  against  which  the  signal  competes  is 
limited  to  that  within  the  resolved  Doppler 
bandwidth  which  is  of  order  (P  T)-*  and  the 
time  of  threshold  crossing  can  be  inter- 
preted in  terms  of  the  target  radial  veloc- 
ity. 
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EXPERIMENTAL  VALIDATION 


Available  components  have  been  assembled  to 
establish  the  feasibility  of  the  CCD-SAW 
approach.  A 100-sample  linear  CCD  has  been 
used  to  store  data  in  a way  representing  a 
single  range  cell  system.  Fig  2 shows  how 
the  data  is  fed  to  the  store  from  a tapped 
analogue  delay  line  which  receives  the  radar 
bipolar  video  signal.  The  choice  of  tap 
used  represents  the  radar  range  examined 
(the  first  tap  corresponding  to  the  furthest 
range  cell).  Each  tapped  line  is  clocked  at 
A MHz,  corresponding  to  a rang?  cell  spacing 
of  about  AO  m,  in  bursts  repeated  at  A kHz 
(the  simulated  prf).  Following  each  burst 
the  CCD  store  is  clocked  once  until,  after 
ICO  cycles,  it  is  filled  with  new  data.  At 
this  point  100  clock  cycles  are  applied  at 
A MHz  to  read  out  the  store  into  the 
spectrum  analyser.  Readout  takes  only  25  us 
and  therefore  can  be  fitted  in  during  an 
inter-pulse  period  of  250  us  provided  that 
less  than  90Z  of  the  unambiguous  radar  range 
is  being  processed. 

The  time  compression  of  1000  (25  ms:  25  us) 
expands  the  bandwidth  so  that  a spectral 
resolution  of  ~ AO  kHz,  achievable  with  SAW 
processing,  becomes  adequate  since  it  corr- 
esponds to  AO  Hz  for  the  real-time  signal. 
The  unwanted  clock  waveform  components 
present  in  the  CCD  output  are  removed  using 
a sample-hold  circuit  so  that  a reasonably 
smooth  signal  is  presented  to  the  spectrum 
analyser.  The  spectrum  is  derived  using  the 
principles  given  by  Edwards  and  Withers  (1), 
here  using  dispersive  SAW  filters  both  to 
replace  the  active  swept  oscillator  and  to 
provide  the  pulse  compression  which  separ- 
ates the  spectral  components  of  the  signal. 

An  impulse  to  the  first  SAW  filter  produces 
a chirp  signal  at  a convenient  IF,  starting 
at  the  same  time  as  the  CCD  output.  The 
mixer  then  outputs  chirp  signals  offset  by 
frequencies  f for  each  frequency  component 
f of  the  CCD  output.  The  second  SAW  dis- 
perser, having  an  impulse  response  with  the 


same  f requency-versus-time  slope  but 
opposite  sign,  acts  as  a pulse  compression 
filter:  each  offset  chirp  giving  rise  to  a 
peaked  output  with  a time  delay  proportional 
to  f. 

Fig  3 makes  this  clearer  for  the  case  when 
only  one  component,  at  frequency  f,  is 
present  and  the  second  filter,  chirp  2,  has 
twice  the  bandwidth  W of  the  generated  chirp 
in  order  to  accommodate  frequency  shifts  due 
to  input  signals  within  a bandwidth  W with- 
out amplitude  loss.  It  will  be  seen  that 
the  time  sidelobe  levels  are  increased  by 
the  proximity  of  the  image  component  peaks. 
This  can  be  avoided  by  first  mixing  the 
baseband  signal  to  an  IF  of  at  least  W, 
enabling  the  lower  sideband  from  the  mixer 
to  be  suppressed  by  filtering  as  described 
by  Edwards  and  Withers. 

The  present  experimental  system  is  below 
optimum  in  many  respects  but  the  means  of 
improving  its  performance  are  at  hand.  The 
single  range  cell  limitation  can  be  overcome 
by  adding  more  CCD  storage  elements  and  it 
should  be  noticed  that  the  serial-to- 
parallel  section  can  be  extended  indefin- 
itely as  in  Fig  2 using  suitably  clocked 
tapped  lines  rather  than  a single  longer 
one.  The  direct  CCD  output  to  the  mixer 
will  be  replaced  by  a multipole  analogue 
switch  and  the  timing  circuits  elaborated  to 
sequence  the  operations.  Up  to  the  present 
SAW  filters  designed  for  other  purposes  have 
been  used:  an  amplitude  weighted  chirp  1 
with  2 MHz  dispersion  over  20  us  (not  25  us) 
has  been  combined  with  a similar  but  un- 
weighted filter  for  chirp  2.  The  Taylor 
weighting  is  desirable  to  reduce  the  spectral 
sidelobes  but  its  effect  is  vitiated  by  the 
inadequate  bandwidth  of  chirp  2 which  does 
not  accommodate  frequency  shifted  signals, 
thereby  losing  signal  energy,  worsening  the 
spectral  resolution  and  abruptly  truncating 
the  weighting  function.  A special  purpose 
pair  of  filters  will  shortly  be  available 
to  overcome  these  disadvantages. 

Fig  A illustrates  the  important  waveforms  in 
the  existing  system.  Trace  (a)  shows  a 
simulated  video  input  to  the  analyser,  a 
sinusoidal  signal  representing  a target 
doppler  frequency  of  200  Hz.  After  the 
clocking-in  sequence,  each  terminal  of  the 
tapped  line  holds  an  amplitude  sample  for  a 
particular  simulated  range  ready  for  input 
to  the  CCD  store.  Trace  (b)  shows  the  out- 
put from  one  such  tap.  The  samples 
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Fig  5 Integrated  Storage  Module  Concept 

corresponding  to  a particular  range  are 
transferred  to  the  CCD  store  by  a single 
cycle  of  the  4 kHz  input  clock.  When  the 
CCD  store  is  filled,  a burst  of  100  clock 
cycles  at  4 MHz  is  applied  to  empty  it, 
producing  the  active  section  of  waveform 
(c),  the  time-compressed  range  gated  video 
in  a form  compatible  with  the  SAW  analyser. 
Some  distortion  of  the  ideal  sinusoidal 
trace  is  evident.  This  is  expected  to 
improve  in  the  next  generation  of  devices 
but  even  this  degree  of  distortion  does  not 
prevent  the  spectral  peaks  being  easily 
distinguished  in  the  spectrum  output  (d) 
from  the  SAW  analyzer.  The  two  main  peaks 
correspond  to  the  upper  and  lower  sidebands 
of  chirp  1,  both  are  of  equal  amplitude 
because  the  up  and  down-shifted  chirps  have 
both  moved  partially  outside  the  bandpass  of 
the  compression  filter,  by  equal  amounts  in 
opposite  directions.  Zero  frequency  of  the 
input  spectrum  corresponds  to  the  point  mid- 
way between  the  peaks.  The  first  peak  is  in 
a region  that  would  normally  be  suppressed 
by  time  gating  in  a real  system  context. 

The  spurious  frequency  sidelobe  levels  arise 
from  the  signal  distortions  within  the  CCD 
and  from  the  upsetting  of  the  Taylor 
weighting  of  chirp  1 by  the  use  of  too  short 
a compression  filter  (chirp  2). 


The  experiments  so  far  made  with  a skeleton 
system  using  a CCD  of  obsolescent  type  and 
SAW  filters  which  were  not  designed  for  the 
purpose  in  hand  have  indicated  that  with 
predictable  technological  and  design 
improvements,  a pulse  doppler  processor  can 
be  built  to  suit  real  radar  s>stem  require- 
ments. A processor  with  40  dB  dynamic 
range,  30  dB  spectral  sidelobes  and  10  MHz 
bandwidth  seems  capable  of  achievement  and 
this,  allied  to  the  fact  that  standard  com- 
ponents can  be  used  to  cover  a range  of 
radar  parameters,  should  ensure  its  useful- 
ness. The  dynamic  range  limitation  may  be 
the  most  serious  one  since  radar  signals 
frequently  contain  clutter  echoes  of  much 
greater  amplitude  than  the  wanted  targets. 
However  radar  systems  using  swept  gain  (STC) 
and  some  clutter  filtering  prior  to  doppler 
processing  should  certainly  be  able  to  take 
advantage  of  the  cheapness  and  flexibility 
of  this  relatively  simple  processor. 

FURTHER  DEVELOPMENT 

We  have  described  a processor  conceived  in 
terms  of  discrete  component  CCD  elements 
combined  to  form  an  analogue  storage  matrix 
with  orthogonal  and  dual  speed  input /output. 
This  function  is  strongly  reminiscent  of  the 
serial-parallel-serial  CCD  which  suggests 
that  an  integrated  circuit  form  of  orthog- 
onal input/output  store  might  be  possible. 

The  difficulty  is  in  building  in  suffic- 
iently flexible  clocking  controls  so  that 
the  contents  of  individual  range  stores  can 
be  accessed  one  by  one  without  disturbing 
the  others.  The  attractions  of  using  such 
an  integrated  store  are  such  that  we  are 
developing  one  storing  data  from  100  pulses 
and  10  ranges  which  will  effectively  do  this 
by  right-shifting  the  whole  data  matrix  as 
indicated  in  Fig  5 so  as  to  successively 
bring  columns  of  data  into  a fast  readout 
register  with  independent  clock  control. 

The  freedom  to  move  the  matrix  either  ver- 
tically (during  input)  or  horizontally  (for 
output)  demands  a new  type  of  clock  line 
structure,  a possible  one  using  a two-level 
polysilicon  process  with  an  aluminium  over- 
lay being  proposed  elsewhere  (2).  The 
storage  module  will  allow  coherent  processing 
of  data  from  up  to  100  radar  pulses.  If  the 
requirement  is  smaller  than  this  (it  is 
usually  limited  by  the  number  of  pulses 
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directed  on  to  a target  by  a scanning  beam), 
storage  capacity  can  be  wasted  merely  by 
clocking  the  CCD  output  at  a rate  which 
matches  the  duration  of  the  data  to  the 
length  of  chirp  1,  and  impulsing  the  chirp 
only  when  real  data  begins  to  appear.  The 
required  number  of  range  cells  is  accom- 
modated by  using  sufficient  storage  modules, 
each  being  clocked  in  sequence  for  input  and 
output . 

The  integrated  circuit  architecture  is 
incompatible  with  the  interleaved  input/ 
output  scheme  described  previously  so  that 
a duplicate  store  is  required,  one  acquiring 


data  while  the  other  is  read  out  for 
analysis,  nevertheless  there  should  be  a 
worthwhile  saving  in  package  count  compared 
with  the  discrete  CCD  version. 
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ABSTRACT.  Radar  imaging  using  side-looking  synthetic  aperture  radar  techniques  is  the  best  known  approach  for  achieving  high 
resolution  imagery  through  atmospheric  cloud  coveT.  On-board  processing  for  satellite  and  small  aircraft  applications  has  been 
prohibitive  because  of  size,  weight,  and  power  constraints  for  digital  processors.  The  powerful  computational  equivalency  of  a CCD 
transversal  filter  drastically  alleviates  these  constraints,  making  a CCD  image  processor  feasible  for  such  applications.  This  paper 
contains  an  abbreviated  discussion  of  synthetic  aperture  principles  from  which  range  and  azimuth  correlators  can  be  defined  for  a 
given  application.  Discussions  of  CCD  constraints,  a CCD  system  design,  and  a breadboard  system  are  included. 


Radar  imaging  using  side-looking  synthetic  aperture 
radar  (SAR)  techniques  is  the  only  viable  means  of  achieving 
high-resolution  imagery  through  atmospheric  cloud  covers. 
However,  if  the  radar  echo  data  are  not  processed  into 
images  onboard  the  spacecraft  or  aircraft,  and  if  multiple 
looks  are  required  to  achieve  acceptable  quality,  potentially 
large  quantities  of  raw  uncorrelated  data  must  be  sent  to  the 
ground  for  processing.  Conversely,  if  images  are  produced 
onboard,  the  multiple-look  images  may  be  superimposed  into 
single  images  and  conventional  data-compression  algorithms 
may  be  applied  to  significantly  reduce  the  data  volume  and 
rates  transmitted  to  the  ground. 

During  recent  years,  considerable  effort  has  been  devoted 
to  developing  onboard  digital  data  processing  of  the  radar  echo 
data.  Unfortunately,  results  to  date  indicate  that  the  digital 
data  processing  required  to  produce  correlated  radar  images 
onboard  a spacecraft  or  small  aircraft  is  normally  impractical 
from  cost,  complexity,  power,  size,  and  weight  standpoints. 
Since  only  limited  compression  by  means  of  presumming  and 
time  expansion  can  be  accomplished  with  the  uncorrelated 
radar  echo  data,  proposed  radar  mission  requirements  to  date 
have  implied  the  need  for  reliable  high-speed  and  high-capacity 
tape  recorders  for  storage,  and  have  imposed  potentially  severe 
requirements  upon  the  telecommunications  link,  and  ground 
data  handling  capabilities. 

The  discovery  of  the  CCD  transversal  filter  concept1  has 
greatly  simplified  the  complicated  digital  implementation  of 
convolution.  A CCD  transversal  filter  of  length  N bits  provides 
N bits  of  analog  storage  while  performing  N analog  signal  by 
weighting  coefficient  multiplications  each  clock  period.  By 
resolving  the  SAR  processor  into  a range  chirp  correlator 
followed  by  an  azimuth  chirp  correlator,  a considerable  reduc- 
tion in  on-board  hardware  is  achievable.2 


PRINCIPLES  OF  SYNTHETIC  APERTURE  RADAR 

Generally  speaking,  when  an  image  of  some  physical 
characteristics  is  needed,  the  resolution  in  the  two  orthogonal 
directions  should  be  approximately  equivalent.  This  presents  a 
problem  to  conventional  radar  sets  which  could  be  used  to 
produce  an  image  of  the  radar  cross  section  of  a section  of 
terrain.  The  resolution  of  the  conventional  radar  in  the  radial 
direction  depends  directly  on  signal  bandwidth.  Pulse- 
compression  techniques  permit  signal  bandwidth  to  be 
expanded  with  negligible  sensitivity  loss  so  that  adequate  range 
resolution  may  be  realized  for  many  imaging  applications. 

Azimuth  resolution  is  a more  difficult  matter,  however. 
Conventional  radar  azimuth  resolution  depends  ultimately 
upon  the  antenna  beamwidth.3  The  antenna  beamwidth  is 
reduced  by  increasing  the  size  of  the  aperture,  increasing  the 
carrier  frequency,  or  both.  For  long-range  imaging,  however, 
this  approach  cannot  provide  an  azimuth  resolution  which  is 
comparable  to  the  range  resolution  that  can  be  realized 
easily  with  modem  pulse -compression  techniques. 

The  solution  to  this  dilemma  is  provided  by  synthetic 
aperture  radars  (SARs)  in  which  data  processing  capability  is 
traded  for  aperture  size,  tn  principle,  there  is  no  difference 
between: 

An  extremely  large  real  antenna,  and 

A small  real  antenna  that  successively  occupies  all  the 
positions  that  would  be  occupied  simultaneously  by 
the  large  real  antenna,  provided 

The  data  that  are  successively  collected  by  the  small 
antenna  are  properly  stored  and  subsequently  com- 
bined in  a simulation  of  the  large  real  antenna. 
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Assuming  this  condition  is  satisfied,  it  is  possible  for  a 
small  antenna  to  move  past  a scene  and  record  echo  data  to 
permit  comparable  range  and  azimuth  resolution  to  be  realized 
in  an  image  of  the  scene  after  the  recorded  data  have  been 
properly  processed. 

RANGE  PROCESSING 

Linear  FM  chirp  pulse  compression  is  an  example  of 
spread  spectrum  techniques  which  have  the  properties  that 
probability  of  detection  and  resolution  are  essentially  indepen- 
dent quantities.  The  amount  of  energy  which  the  transmitter 
puts  into  the  pulse  determines  the  probability  of  detection 
independently  of  signal  bandwidth,  assuming  a matched-filter 
receiver.  The  signal  bandwidth  is  the  major  factor  which  deter- 
mines range  resolution. 

The  principal  signal  parameter  of  interest  is  the  RF  signal 
chirp  bandwidth,  Af.  This  parameter  defines  the  compressed 
pulsewidth.  Table  1 shows  the  compressed  pulsewidth  for  three 
different  weighting  functions  for  the  matched  filter. 

Table  1 shows  that,  in  general,  the  3-dB  compressed  pulse- 
width is  given  by  a constant  divided  by  the  signal  chirp  band- 
width, where  the  constant  depends  on  the  type  of  weighting 
used,  if  any,  to  reduce  the  range  sidelobe  level.  Resolution  is 
defined  as  the  separation  which  must  exist  between  two  equally 
strong  targets  in  order  for  their  individual  compressed  pulse 
responses  to  intersect  3 dB  below  their  peak  response  level.  The 
compressed  pulsewidth  expressions  in  Table  1 also  give  the 
range  resolution  for  an  imaging  system  in  the  special  case  where 
the  radar  lies  in  the  plane  of  the  scene  being  imaged.  Actually, 
the  radar  will  be  located  above  the  plane  being  mapped.  This 
means  that  the  compressed  pulsewidth  expression  of  Table  1 
must  be  projected  into  the  plane  of  the  scene  in  order  to 
obtain  the  effective  range  resolution  appropriate  to  the  scene. 

Table  t.  Dependence  of  Compressed  Pulsewidth  on  Type  of  Weighting4 
COMPRESSED  PULSEWIDTH 

TYPE  OF  WEIGHTING  (MEASURED  AT  3-dB  POINTS) 

Gaussian  envelope  1.5 

( -40-dB  time  sidelobes) 

Rectangular  envelope  0.9 

(. - 1 3.5-dB  lime  sidelobes) 

Hamming  weighting  1.3 

(-42.8-dB  time  sidelobes) 


Figure  1 shows  that  the  slant  range  resolution  is  ctJ2 
where  c is  the  speed  of  light  and  rc  is  the  compressed  pulse- 
width measured  at  the  3-dB  points.  Consequently,  the  range 
resolution  in  the  plane  of  the  scene  is  crc/2  sin  0 which  reduces 
to 

CTc  0.45  c 

R 2 sin  6 Af  sin  6 ^ 


for  the  case  of  unweighted  linear  FM  from  Table  1.  The  range 
correlator’s  time-bandwidth  (TW)  product  can  be  defined  for  a 
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given  range  resolution  and  look  angle  (or  chirp  bandwidth)  and 
transmitted  pulsewidth,  Tp,  as 


sin  6 


AZIMUTH  PROCESSING 


The  basic  parameters  relating  to  SAR  geometrical  relation- 
ships are  shown  in  Figures  2 and  3.  It  is  convenient  in  Figure  3 
to  think  of  a stationary  radar  with  target  motion  being  a 
straight  line,  as  shown.  Using  conventional  terminology,  time  t 
is  zero  when  the  target  is  at  the  point  of  closest  approach.  This 
minimum  range  value  is  called  R0. 

Data  are  assumed  to  be  available  from  the  time  that  the 
target  enters  the  3-dB  beamwidth  point  of  the  real  aperture 
until  it  leaves  the  3-dB  beamwidth  point  on  the  other  side. 

At  time  t,  the  target  is  seen  in  Figure  3 to  be  displaced  a 
distance  Vt  from  the  point  of  closest  approach.  The  range  as  a 
function  of  time  is  given  by 

R(t)  = (R„J  + VJtJ)v4  (3) 

From  geometrical  considerations,  the  Doppler  frequency 
can  be  found  as  a function  of  time  to  be 


where  X is  the  radar  carrier  wavelength. 

For  most  cases  of  interest,  the  distance  Vt  in  Figure  3 is 
much  less  than  Rn , so  that 

R(t)  a R0  (5) 

The  Doppler  expression  in  Equation  4 is  approximated  by 


which  shows  the  linear  FM  chirp  characteristic  of  the  Doppler 
shift  between  the  transmitted  and  received  pulse  as  a function 
of  the  relative  position  of  a point  reflector. 

The  major  conceptual  difference  between  the  azimuth  and 
range  chirp  signal  is  in  the  signal  duration.  The  range  chirp 
pulse  has  a rather  well-defined  start  and  stop  duration.  The 
azimuth  chirp  modulation  has  no  such  well-defined  time  epoch. 
The  phase  of  this  modulation  is  determined  by  the  geometrical 
parameters,  but  the  amplitude  is  determined  by  the  antenna 
pattern.  As  a result,  there  is  the  arbitrary  matter  of  azimuth 
signal  duration. 

As  a practical  matter,  the  effective  azimuth  signal  duration 
is  defined  by  the  signal  processor.  The  charge  coupled  device 
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(CCD)  processor  functionally  contains  many  azimuth 
correlation  filters  which  are  analogous  to  the  range  cor- 
relation filters.  The  azimuth  Doppler  modulation  defined  by 
Equation  (6)  is  assumed  to  be  the  signal  input  to  an  azimuth 
correlation  filter.  The  difference  is  that  an  azimuth 
correlation  filter  needs  to  process  only  those  signals  which 
correspond  to  reflectors  at  the  same  range.  This  requires  that 
the  echo  pulse  be  divided  into  range  bins  following  range 
compression  with  distinct  azimuth  correlation  filtering 
provided  for  each  range  bin. 

The  relationships  in  Table  1 also  hold  for  azimuth  com- 
pressed pulsewidth.  Assuming  an  unweighted  filter,  the  com- 
pressed pulsewidth  at  the  output  of  the  azimuth  correlation 
filter  is 

0.45XRq 

(7) 
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CCD  CONSTRAINTS 


The  above  described  resolution  constraints  as  well  as  other 
radar  system  constraints  provide  physical  guidelines  for  the 
system  design.  However,  a number  of  CCD  operational  con- 
straints5 which  include  data  rates,  charge  transfer  efficiency, 
leakage  current,  and  device  size  are  also  key  factors  in  deter- 
mination of  the  system  design. 

Equation  (l)  indicates  that  chirp  band  widths  of 
approximately  10  MHz  may  be  expected  for  range  resolution 
in  the  10-  to  50-meter  category.  Processing  at  the  Nyquist 
rate  for  such  a chirp  waveform  with  CCDs  represents  a 
difficult  implementation  task  due  to  feedthrough  and 
bandwidth  problems,  potentially  severe  clock  poweT 
requirements,  and  possible  charge  transfer  efficiency 
problems.  Since  the  modular  concept  allows  each  module  to 
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Figure  3.  Basic  SAR  Azimuth  Geometry 

process  on  the  order  of  200  range  cells,  it  becomes  possible 
to  sample  the  radar  video  at  a high  rate  during  a small  time 
window  corresponding  to  the  module’s  swath  width  once 
each  PR1.  The  number  of  samples  to  be  stored  is  the  number 
of  samples  required  to  cover  the  swath  plus  the  number  of 
bits  in  the  range  correlator.  While  the  input  sampling  rate  is 
constrained  by  Nyquist  considerations,  the  output  data  rate 
is  constrained  by  the  PRI  making  time  expansion  of  the 
video  possible  in  order  to  reduce  the  processor  module’s  data 
rate.  The  use  of  low  pass  recursive  presum  filtering 
techniques  offers  further  reduction  in  the  data  rate  and 
storage  requirements.  Following  time  expansion,  the  samples 
are  c’ocked  into  a complex  (1  and  Q)  CCD  correlator  which 
perform.'  pulse  compression  on  the  received  chirp  radar 
returns  it  a clock  rate  of  1 MHz  or  less,  avoiding  the  high- 
frequency  video  design  requirements  and  possible 
high-frequency  CTE  degradation. 

Charge  transfer  efficiency  requirements  for  this  SAR 
design  does  not  represent  a serious  problem  with  the  present 
state  of  the  art.  Table  2 indicates  the  effects  of  CTE  upon 
range  resolution  for  a Hamming  apodized,  Nyquist  sampled 
correlator  having  a TW  product  of  62.  The  relative  resolution 
is  the  ratio  of  the  -3-dB  correlation  pulsewidths  for  each 
CTE  to  the  ideal  transfer  case.  CTEs  greater  than  0.999 
appear  to  result  in  minimal  resolution  degradation.  In 
multiple-look  SAR  systems  requiring  cascaded  azimuth 
correlators,  CTE  requirements  are  more  demanding  than 
indicated  in  Table  2.  Also,  leakage  current  problems  appear 
to  be  more  severe. 


Equation  (8)  indicates  the  inverse  relationship  between 
azimuth  correlation  time  and  resolution.  Since  integrated 
leakage  current  can  ultimately  fill  the  potential  well  containing 
the  charge  signal  sample,  leakage  current  will  ultimately  limit 
azimuth  resolution.6 


Table  2.  Resolution  and  Amplitude  Degradation  as  a Function  of  CTE 
for  a Correlator  Having  a TW  Product  of  62 


CTE 

RELATIVE 

RESOLUTION 

RELATIVE 
ATTENUATION  (dB) 

1.0 

1.000 

0 

09999 

1.005 

-0.068 

0.999 

1.047 

-0.673 

099 

1.679 

-5.757 

The  azimuth  resolution  distance  is  obtained  by  multiplying 
this  compressed  pulsewidth  by  velocity  to  obtain 


for  an  ideal  processor  which  is  unweighted.  Amplitude 
weighting  has  the  effect  of  broadening  the  compressed 
pulsewidth  and  reducing  the  sidelobe  level.  Equations  (7)  and 
(8)  define  the  azimuth  correlator’s  TW  product  for  the 


Equation  (8)  shows  that  the  azimuth  resolution  can  be 
improved  %only  by  increasing  the  azimuth  correlation  time, 
assuming  that  the  geometrical  parameters  Rq,  X,  and  V are 
fixed. 


The  amount  of  integrated  leakage  current  contributed  to 
the  charge  packet  at  the  k^  bit  location  is 


where  QKS  is  the  signal  charge  and  is  the  integrated 

leakage  current  present  in  the  k/A  storage  location. 

The  integrated  leakage  current  at  the  kth  location  for  a 
constant  clocking  rate  and  temperature  is  a constant  which, 
when  multiplied  by  the  weighting  coefficient  hx  (a  constant) 
gives  a constant.  Therefore,  the  integrated  leakage  current  has  a 
first  order  effect  of  an  output  dc  level  shift. 

Since  the  total  integrated  leakage  current  (QKL)  increases 
linearly  (excluding  statistical  variations)  down  the  transversal 
filter,  the  transversal  filter  is  much  more  tolerant  of  leakage 
current  than  other  CCD  device  types. 

Satisfactory  correlator  operation  can  be  achieved  with 
integrated  leakage  currents  on  the  order  of  ten  percent  of  a full 
well  at  the  CCD  output.  Azimuth  correlation  times  of  0.5 
second  have  been  achieved  at  room  temperature.  Longer  cor- 
relation times,  multiple  looks  in  azimuth,  or  higher  temperature 
environments  may  require  improved  leakage  current  character- 
istics or  the  use  of  thermoelectric  coolers. 

SYSTEM  CONFIGURATION 

The  system  represented  in  Figure  4 has  been  developed  to 
avoid  many  of  the  operational  difficulties  experienced  with 
CCDs.  The  input  sampler  stores  samples  of  the  appropriate 
swath  width  at  the  high  frequency  rate  required  by  range 
resolution  and  Nyquist  considerations.  The  sampler’s  output 
rate  is  constrained  by  the  number  of  samples  stored  and  the 
PR1.  The  optional  presum  filter  permits  reduction  in  the  length 
of  the  azimuth  correlators  and  in  the  data  rate. 


Tc 


o 


where 

JKL  s leakage  current  density 
A - bit  area 
Tc  = clock  period. 

The  effect  of  the  leakage  current  upon  the  transversal  filter’s 
output  is  seen  from  the  relationship 

v°ut  >Qk  V'k^ks  + Qkl* 

°^_^hKQKS+^  /'k^kl  O') 

*^^hKQKS  + constant 


Following  time  expansion,  the  samples  are  docked  into 
a complex  (I  and  Q)  CCD  correlator  which  performs  range 
pulse  compression  on  the  received  chirp  radar  returns.  The 
output  signal  sequence  is  a complex  (I  and  Q)  representation 
of  radar  cross  section  (amplitude)  versus  range  (time).  By 
range  sorting  this  output,  it  may  be  observed  that  returns  in 
a given  range  bin  on  sequential  PRIs  are  samples  of  the 
Doppler  chirp  from  a target.  Therefore,  pulse  compression  in 
azimuth  may  be  achieved  by  functionally  feeding  the  range 
sorted  samples  into  a bank  of  azimuth  chirp  correlators  each 
PRI.  The  pulse  compression  performed  by  the  correlators  is 
responsible  for  the  Doppler  beam  sharpening  attendant  with 
the  SAR  azimuth  resolution  improvement.  The  azimuth 
correlators  also  subtly  perform  the  analog  storage  of 
sequential  radar  returns  as  required  by  basic  SAR  principles. 

The  I and  Q outputs  of  the  azimuth  correlator  bank  are 
then  multiplexed,  squared,  and  summed  to  form  a video  line  in 
the  range  direction.  An  additional  line  corresponding  to  sub- 
sequent azimuth  positions  occurs  each  PRI. 

The  system  can  easily  be  configured  into  a modular 
concept  where  modules  may  be  stacked  to  provide  additional 
coverage  in  the  range  dimension.  This  also  facilitates  the  use  of 
range  correlators  having  different  chirp  slopes  to  avoid  defocus- 
ing  problems  present  in  some  applications.  An  estimate  for  such 
a module  covering  a 10-km  swath  width  with  50-m  resolution 
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Figure  4.  Synthetic  Aperture  Radar  Functional  Diagram 


from  an  altitude  of  800  km,  indicates  the  following  parameters 
are  achievable  with  such  a processor. 


Weight 

<7  lb 

Size 

<150  in’ 

Power 

<7  watts 

BREADBOARD  AND  TEST  SYSTEM 

A simplified  version  of  the  system  shown  in  Figure  4 
has  been  constructed  to  demonstrate  the  processor  concept. 

A single  azimuth  correlator  was  constructed  which  is 
sequentially  stepped  through  the  200  range  bins  with  a 
minicomputer  in  order  to  minimize  hardware  construction. 
The  radar/platform  parameters  for  this  breadboard  system 
shown  in  Table  3 are  relatively  representative  of  an  aircraft 
radar  environment.  Range  and  azimuth  correlation  is 
accomplished  with  Hamming  weighted  linear  FM  complex 
filter  pairs  having  TW  products  of  62  and  16,  respectively. 
Range  and  azimuth  correlation  times  are  0.47  ms  and  0.S  s, 
respectively. 

In  order  to  form  a 200-  by  20frelement  picture  with  this 
breadboard,  a Tl  960A  computer  with  a 28K  memory  used  in 
conjunction  with  a 1,100,000  word  disk  memory  and  a nine- 
track,  800-BPI  magnetic  tape  unit  were  used.  The  simulated 
radar  echo  pulses  were  transferred  from  the  tape  to  the  disk. 
The  simulated  radar  bursts  correspond  to  radar  returns  from  a 
swath  of  interest  at  sequential  azimuthal  locations.  By  re- 
circulating this  sequence  of  bursts  to  the  breadboard  while 
sliding  the  azimuth  read-in  time  window  across  the  swath  time, 
a complete  picture  can  be  processed  an  azimuth  column  at  a 
time.  To  reconstruct  the  picture,  the  output  of  the  azimuth 
correlator  is  digitized  and  stored  in  memory.  The  memory  can 


then  be  used  much  as  a scan  converter  to  refresh  a CRT 
display.  Full  implementatio  of  the  azimuth  correlator  bank 
would  provide  real  time  processing. 

Figure  5(A)  indicates  a portion  of  the  uncompressed  video 
signal  corresponding  to  48  point  targets  arranged  in  four  rows 
in  the  range  dimension.  The  point  targets  have  a random  signal 
phase  and  increase  in  intensity  along  the  azimuth  direction  in 
2-,  4-,  6-,  and  8-percent  increments  for  each  of  the  range  rows. 
The  compressed  point  target  image  is  shown  in  Figure  5(B). 

Table  3.  Breadboard  Radar/Hatform  Parameters 


Altitude 

5.0  km 

Slant  Range 

10.0  km 

Nadir  angle 

60.0  degrees 

Velocity 

320.0  m/s 

Wavelength 

32.0  cm 

Frequency 

936.84  MHz 

Transmitted  pulse  duration 

3.58  ms 

Transmitted  signal  bandwidth 

17.32  MHz 

Echo  pulse  duration 

15.12  ms 

Slant-range  resolution 

8.66  m 

Along-track  ground  resolution 

10.0  m 

Cross-track  ground  resolution 

100  m 

1 
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A SELF  CONTAINED  800  STAGE  CCD  TRANSVERSAL  FILTER 


C.  Robert  Hewes 

Texas  Instruments  Incorporated 
Dallas,  Texas  75222 


ABSTRACT.  CCD  transversal  filters  are  capable  of  high  performance  in  a wide  variety 
of  filtering  applications.  To  date  the  widespread  application  of  CCD  filters  has  been 
hampered  by  the  complexity  of  peripheral  external  circuits  required  to  operate  the 
CCD.  We  have  exploited  the  MOS/LSI  compatabi 1 i ty  of  CCD's  to  fabricate  a completely 
integrated  and  self-contained  800  stage  CCD  transversal  filter.  The  device  is  designed 
as  a tunable  bandpass  filter  with  a 3 dB  bandwidth  of  0.7$  of  the  center  frequency  and 
AO  dB  sidelobes.  A novel  concept  employing  CCD  structures  as  voltage  amplifiers  has 
been  utilized  in  this  device.  Preliminary  measurements  of  the  device  performance  are 
presented. 

I.  INTRODUCTION 


The  tremendous  signal  processing  capa- 
bility of  CCD  transversal  filters  has  been 
demonstrated  in  applications  such  as  spec- 
tral f i 1 tering , ' >3  the  chirp  z trans- 
form, and  correlators  for  radar'  and 

spread  spectrum  communication!  The  rela- 
tive simplicity  of  the  split  electrode  tap 
weight  technique'  is  the  major  reason  for 
the  versatility  of  CCD  filters.  However, 
a serious  drawback  to  CCD  filters  used  to 
date  has  been  the  complexity  of  external 
peripheral  circuits  required  to  operate 
the  CCD.  The  full  potential  of  CCD  filters 
can  only  be  realized  by  taking  advantage 
of  the  MOS/LSI  compatibility  of  CCD  struc- 
tures and  integrating  the  required  CCD  sup- 
port functions  on  the  chip  with  the  CCD. 

This  paper  deals  with  the  design  and  per- 
formance of  a fully  integrated,  800-stage 
transversal  filter  chip  which  contains  the 
CCD  filter,  its  clock  generator  and  drivers, 
an  input  amplifier,  and  an  output  amplifier 
as  shown  in  Figure  1.  On  this  CCD  chip  the 
clock  waveforms  are  derived  from  a single 
master  clock  signal.  The  Input  and  output 
amplifiers  employ  a charge  coupled  struc- 
ture to  achieve  voltage  amplification  with 
low  noise,  high  speed,  and  low  power  con- 
sumption. The  device  is  designed  so  that 


only  DC  voltages  and  one  master  clock 
signal  are  required  to  be  supplied  exter- 


nally. To  facilitate  analysis  and  testing 
of  this  prototype  design,  five  different 
DC  biases  are  required,  but  some  of  these 
levels  could  be  derived  on  the  chip  in 
future  designs.  The  weighting  coefficients 
were  designed  for  a tunable  narrow  bandpass 
with  a 3 dB  bandwidth  of  0.7$  of  the  center 
frequency  and  a -AO  dB  sidelobes.  A simple 
reprogramming  of  two  photomask  levels  would 
convert  the  filter  to  other  correlator 
functions  or  to  transfer  functions  such  as 
lowpass,  highpass,  Hilbert  transform  or 
notch  filters. 

II.  DESIGN 
A)  CCD  STRUCTURE 

Although  CCD  transversal  filters  can 
be  constructed  with  two  phase,  three  phase, 
or  four  phase  CCD  structures,  we  selected 
a three  phase  structure  as  a compromise 
between  charge  handling  capacity,  fabrtca- 
tional  difficulty,  overall  size  of  the  CCD, 
and  clocking  complexity.  The  device  struc- 
ture is  an  adaptation  of  the  three  metal iza 
tlon  level, three  phase  CCD  described  by 
Bertram,  et  al .°  In  this  case  as  illus- 
trated in  Figure  2 the  device  is  fabricated 
with  two  polysilicon  levels  and  one  alumi- 
num level.  Each  clock  phase  is  on  a sepa- 
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rate  metallization  level  thus  easing  photo- 
lithographic requirements.  As  pointed  out 
by  Bertram  et.  al.  this  structure  offers 
significant  yield  advantages  for  large  CCD 
structures.  Furthermore  It  simplifies  lay- 
out of  the  electrode  structure  for  the  spilt 
electrode  tap  weighting  technique.  Each 
electrode  is  0.3  mils  by  6 mils  with  0.05 
mil  overlap  to  adjacent  electrodes.  Thus 
each  cell  of  the  CCD  is  0.9  mils  by  6 mils. 
The  packing  density  of  this  structure  is 
higher  than  four  phase  and  comparable  to  the 
packing  density  we  could  obtain  with  two 
phase  structures  of  comparable  charge  capac- 
ity. Another  advantage  of  the  three  level 
structure  is  that  it  allows  the  use  of  a 
four  level  sandwich  consisting  of  the  three 
metallization  levels  and  an  n+  diode  dif- 
fusion to  construct  large  capacitors  in  a 
minimum  area.  Two  300  pf  capacitors  were 
constructed  in  this  way  for  use  in  the  out- 
put circuit  of  the  filter.  The  CCD  is  fab- 
ricated on  k0-70  ohm  cm  p-type  substrates 
with  1500A  gate  oxides. 

The  CCD  has  800  stages  and  in  order 
to  achieve  practical  dimensions  it  is  fold- 
ed into  four  200-stage  segments.  This  tech- 
nique of  folding  the  CCD  allows  the  CCD 
portion  of  the  filter  to  be  fabricated  in  a 
200  by  60  mil  area.  The  remainder  of  the 
200  mil  by  1A0  mil  chip  is  devoted  to  the 
CCD  support  circuitry  and  test  devices  which 
are  devoted  to  process  monitoring. 

Folding  the  CCD  into  four  segments  is 
made  possible  by  the  use  of  a diode  and 
dc  bias  gate^’°  as  shown  schematically  in 
Figure  2.  The  basic  principle  of  operation 
is  that  the  corner  diode  is  preset  to  fixed 
potential  during  each  clock  period  by  spill- 
ing charge  over  the  dc  gate.  Once  each 
clock  period  a new  charge  packet  is  intro- 
duced onto  the  corner  N4,  diffusion  from  the 
preceding  clock  electrode  0,,  thereby  lower- 
ing its  potential  below  the-’threshold  of 
the  DC  gate.  Current  then  flows  under  the 
DC  gate  until  the  diffusion  is  restored  to 
the  threshold  point  at  which  time  essen- 
tially all  of  the  signal  charge  is  transfer- 
red to  the  following  clock  electrode  0,  and 
the  diode  is  left  at  the  same  potential  it 
had  at  the  beginning  of  the  cycle.  Great 
care  is  taken  to  minimize  the  capacitance 
of  the  corner  diffusion  and  minimize  its 
charge  transfer  loss.  Analysis  of  the 
corner  leads  us  to  expect  the  fractional 
transfer  loss  to  be  less  than  1%  at  frequen- 
cies up  to  10  MHz  if  a fat  zero  charge  equal 


to  10%  of  a full  CCD  well  is  maintained.^ 
Computer  simulations  of  the  transversal 
filter  show  that  the  effects  of  the  corner 
loss  at  this  level  and  below  are  negligible 
in  the  performance  of  the  filter. 

B)  OUTPUT  DIFFERENTIAL  CURRENT  INTEGRATOR 

Realization  of  the  full  performance  capa- 
bilities of  CCD  transversal  filters  places 
difficult  requirements  on  the  output  ampli- 
fier circuit.  As  reviewed  below,  the  split 
electrode  tap  weight  technique  requires  a 
differential  voltage  amplifier  having  a 
high  common  mode  rejection,  high  dynamic 
range,  wide  bandwidth,  and  good  linearity. 

Low  power  consumption  is  also  desirable 
particularly  for  very  low  frequency  opera- 
tion where  chip  heating  would  Increase  dark 
current  and  limit  the  useful  delay  time  in 
the  filter.  Conventional  linear  M0S  circuits 
are  inadequate  to  meet  these  requirements 
and  a new  concept  has  been  incorporated  in 
this  CCD  filter  design.  The  new  concept 
utilizes  a CCD  structure  as  a differential 
voltage  amplifier  as  described  below. 

We  shall  review  the  operation  of  the 
transversal  filters  constructed  with  the 
split  electrode  tap  weighting  technique. 

This  review  is  followed  by  a discussion 
of  the  output  amplifier  circuit  require- 
ments. The  ampl'fier  design  integrated 
on  our  chip  Is  then  presented. 

The  split  electrode  tap  weighting  tech- 
nique' takes  advantage  of  the  fact  that  as 
signal  charges  are  transferred  along  a CCD 
an  image  charge  must  flow  into  the  clock 
electrodes.  By  splitting  all  of  the  phase 
two  electrodes  at  various  lateral  positions 
along  the  CCD  and  measuring  the  difference 
in  charge  required  by  the  clock  lines  driv- 
ing the  split  electrodes  we  obtain  the  out- 
put signal.  The  differential  charge  at  time 
nT£  is  given  by 

N 

^out^n^c^  " X!  Nn*'evin  (n^c'm^c^ 
m=*l 

where  T is  the  clock  period,  N is  the  num- 
ber of  delay  stages,  and  the  sign  and  magni- 
tude of  each  weighting  coefficient  h Is 
determined  by  the  position  of  the  split  in 
the  electrode.  The  signal  charge  packet 
which  is  introduced  at  the  input  at  t»nTc 
is  qjn=CeV[n (nTc)  and  Ce  is  the  gate  oxide 
capacitance  of  one  CCD  electrode.  As  ill  us - 
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trated  In  Figure  3 the  differential  charge 
Is  measured  by  Integrating  the+clock  line 
current  in  series  capacitors  C*  and  amplify- 
ing the  resulting  differential  voltage  vari- 
ations on  the  capacitors.  The  differential 
output  voltage  of  the  CCD  filter  which 
appears  at  the  input  of  the  voltage  amplifier 
is  related  to  the  input  signal  by 


vo^n^c)  “ R NC  *1m^'evin  (nTc-mTc)  (2) 
e m«l 


-l<hm<+l,  and  Cfc  >s  the  total  capacitance 
of  each  of  the  split  phase  clock  lines.  The 
gain  required  of  the  voltage  amplifier 
depends  on  the  gain  factor  of  the  CCD  filter 
which  is  less  than  unity.  This  attenuation 
of  the  filter  depends  on  the  capacitance 
ratio  R and  the  weighting  coefficients  or 
transfer  function  used  in  the  filter.  A 
small  value  of  the  integrating  capacitors 
Cj  increases  the  gain  of  the  filter  but 
attenuates  the  clock  amplitude.  We  selected 
a compromise  value  of  C.  = 300  pf  to  obtain 
a ratio  R ■ 2.2.  This  value  of  R and  the 
narrow  bandpass  weighting  coefficients 
result  in  a filter  gain  of 


VVin 


2 0.14 


when  the  input  signal  at  the  passband  fre- 
quency i s 

vin(t)  - Vinsln(  irfct/2) . (4) 

The  designed  gain  of  the  differential  volt- 
age amplifier  on  this  chip  is  G = 10  result- 
ing in  an  overal 1 ga  'n  | vout^vin  | = ' •<1, 

Note  that  the  differential  voltage  amplifier 
must  reject  the  common  mode  15V  clock  wave- 
form. Also,  if  the  filter  is  to  be  operated 
at  frequencies  up  to  a few  megahertz  the 
differential  amplifier  must  have  sufficient 
bandwidth  to  operate  in  this  range. 

The  overall  dynamic  range  is  largely 
determined  by  the  noise  level  of  the  output 
amplifier.  The  reason  is  that  the  CCD  filter 
is  an  inherently  low  noise  device.  Further- 
more, noise  introduced  at  the  filter  input 
or  internally  generated  in  the  CCD  is  filter- 
ed by  the  device.  Stated  differently,  charge 
packets  in  the  CCD  due  to  the  matched  signal 


waveform  add  coherently  in  the  filter  output 
while  noise  charges  do  not.  However,  noise 
inherent  in  the  output  amplifier  Is  not  fil- 
tered by  the  CCD.  The  expected  noise  level 
of  the  CCD  filter  is  on  the  order  of  10  mV 
rms  referred  to  the  Input  of  the  output 
amplifier.  This  estimate  Includes  input 
noise  of  the  CCD,  fast  interface  state  noise, 
and  the  preset  noise  associated  with  driving 
the  clock  line  capacitance.  Therefore  the 
wideband  noise  introduced  by  the  output  ampl I - 
fier  should  be  less  than  this  level  if  the 
full  dynamic  range  of  the  CCD  is  to  be 
exploited.  Assuming  a signal  bandwidth  of 
1 MHz  the  noise  level  corresponds  to  a spot 
noise  spectral  density  of  a few  nanovolts/ 

Hz*.  This  goal  is  difficult  to  meet  and  as 
we  shall  see  the  output  amplifier  determines 
the  output  noise  level. 

C)  CHARGE  COUPLED  DIFFERENTIAL  VOLTAGE 
AMPLIFIER 

The  amplifier  integrated  on  our  1C  was 
designed  with  the  previously  discussed  re- 
quirements in  mind.  The  amplifier  is  shown 
schematically  in  Figure  4.  The  amplifier 
is  basically  a one  delay  stage  CCD  with  a 
differential  input  circuit  and  a standard 
precharge  output"  ci  rcui  t . The  inputs  are 
applied  to  the  gates  labeled  v+  and  v"  which 
correspond  to  the  nodes  with  the  same  designa- 
tion in  Figure  3. 

The  input  circuit  of  the  amplifier  uti- 
lizes a floating  diffusion  structure  ® which 
operates  on  a "fill  and  spill"  principle'®’"*'^ 
which  is  reviewed  below.  The  amplifier  de- 
scribed here  makes  use  of  the  fact  that  the 
floating  diffusion  structure  can  be  used  with 
an  Inverting  and  a non-invert ing  input  simul- 
taneously to  achieve  a differential  input. 

Also  a metal  gate  was  placed  over  the  float- 
ing diode  to  increase  its  capacitance  and 
minimize  the  contributions  of  the  diode's 
nonlinear  depletion  capacitance. 

Voltage  gain  is  achieved  by  differen- 
tial ly  presetting  a large  floating  diffusion 
capacitor  (Cj)  with  the  input  voltages  and 
then  transferring  the  charge  to  a smaller 
capacitance  ( C2 ) at  the  output.  The  opera- 
tion of  differential  input  is  illustrated 
in  Figure  5.  At  the  beginning  of  the  input 
cycle  the  input  diode  is  at  a high  positive 
potential  (down  on  the  potential  energy  plot 
in  Figure  5b).  When  charge  transfers  under 
the  02  electrodes  of  the  CCD  filter,  the 
differential  output  signal  appears  at  v+  and 


311 


C.  Robert  Hewes 


v*  superposed  on  the  0-  clock  voltage.  The 
Input  diode  Is  pulsed  to  a low  potential 
and  then  returned  to  Its  Initial  state. 

During  this  process  electrons  flow  under 
the  v“  gate  and  fill  the  surface  under  the 
v+  gate  and  the  capacitor  Cj  (which  Is  formed 
by  diode  diffusion  under  a dc  biased  gate). 

As  the  input  diode  is  returned  to  the  initial 
state  electrons  flow  back  to  the  Input  diode 
until  the  surface,  potential  on  C|  reaches 
the  threshold  of  gate  v“  and  current  stops. 
The  surface  potential  profile  at  this  time 
is  illustrated  in  Figure  5b.  Next  the  gate 
02*  is  turned  on,  and  electrons  flow  into 
trie  CCD  well  formed  by  the  02  electrode  until 
the  threshold  of  the  v+  gate  is  reached 
resulting  in  the  surface  potential  profile 
of  Figure  (5c).  This  charge  packet  is  then 
transferred  in  the  normal  way  to  the  output 
node  shown  in  Figure  4.  The  input  charge  Is 

Qin  “ C|n(v+  * V)  (5) 

where  Cjn  ■*  Cj  + Cy+  is  the  sum  of  the  float- 
ing diffusion  and  the  gate  capacitance  of  the 
v+  gate.  The  output  voltage  is 

vout  “ cin/c2  <v+  ‘ 

Thus  the  gain  of  the  amplifier  is  simply  the 
capacitance  ratio  Cj/C2.  The  amplifier  was 
constructed  with  nominal  values  of C.  ■ 3 pf 
and  C^  = 0.3  pf  for  a gain  of  10.  Small 
non-linearities  due  to  the  depletion  layer 
charge  were  neglected  in  (5)  and  (6).  These 
non-linearities  are  small  because:  (a)  the 
maximum  signal  swing  for  (v+  - v")  is  about 
IV  for  the  maximum  signal  level  in  the  CCD 
filter,  (b)  these  voltage  changes  are 
small  relative  to  the  back  gate  bias  (~I5V) 
which  minimizes  changes  in  the  threshold 
due  to  changes  in  depletion  charge  under  the 
gates,  and  (c)  the  high  resistivity  sub- 
strates used  minimize  the  depletion  charge 
effects. 

Note  that  the  operation  of  the  amplifier 
reauires  a dc  offset  between  v+  and  v"  so 
that  a bias  change  of  50%  of  the  charge 
capacity  of  the  amplifier  is  injected  in  the 
absence  of  a differential  signal.  The  ampli- 
tude of  the  clock  waveform  applied  to  021 
electrode  in  the  amplifier  must  be  a few 
volts  greater  than  the  waveform  applied  to 
02  of  the  filter.  We  used  20V  pulses  on  02' 
and  14V  pulses  on  02. 

All  of  the  clock  waveforms  for  the 
amplifier  were  derived  from  the  clock  wave- 


forms required  by  the  CCD  filter.  The  total 
power  required  for  the  amplifier  is  approx- 
imately 20  mW.  The  speed  of  operation  Is 
determined  by  the  rate  at  which  the  Input 
capacitor  C,  can  be  preset  by  the  gates  v+ 
and  v".  Following  the  results  of  Emmons 
and  Buss?  and  using  the  standard  MOSFET 
equation  1 - (Vgs  - VT)2,  we  can  deter- 
mine the  t ime  requl red  to  achieve  the  full 
gain  of  the  amplifier.  The  condition  to  be 
met  1 s 

c,2 


We  shall  assume  a sufficient  offset 
bias  between  v+  »nd  v"  such  that  q “ 6x10"'? 
coulombs  is  the  minimum  charge  tnjected. 

We  have  designed  the  Input  such  that  HI  m 
5x10"’.  Evaluation  of  7 reveals  that 
r » 30  nsec  is  required.  This  condition 
is  easily  met  at  clock  frequencies  of  1-2 
MHz  or  below. 

The  noise  level  of  the  charge  coupled 
differential  amplifier  is  dominated  by  the 
preset  noise  of  the  input  capacitance  C|n. 
There  are  two  presets  per  input  charge 
packet;  one  for  the  v"  gate  and  one  for  the 
v+  gate.  Each  preset  results  in  a variance 
of  (2kT/3C|n)  In  the  capacitor  voltages. ° 
The  resulting  rms  noise  voltage  at  the  out- 
put of  the  ampl if ier 


410  pV 


The  maximum  usable  output  signal  of  the 
amplifier  approximately  2V  rms.  Therefore 
we  expect  a dynamic  range  of  approximately 
74  dB.  The  expected  noise  level  of  the 
amplifier  is  about  4 times  greater  than  the 
noise  generated  in  the  CCD  filter  itself. 

Thus  we  have  lost  12  dB  of  dynamic  range 
due  to  the  output  amplifier  noise. 

Several  advantages  of  the  charge-coupled 
differential  amplifier  (CCDA)  over  a conven- 
tional differential  MOSFET  amplifier  are 
summarized  below.  First  the  nature  of  the 
inpur  circuit  of  the  CCDA  automatically 
performs  a differential  sample  and  hold 
operation.  Use  of  an  MOSFET  amplified 
would  require  sampling  and  holding  of  the 
v+  and  v"  voltages  to  avoid  saturating  the 
M0S  amplifier  with  the  large  common  mode 
clock  signal.  The  gain  of  the  CCDA  is 
stable  since  it  is  determined  by  the  ratio 
of  two  capacitances  and  is  insensitive  to 
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temperature  or  supply  voltage  fluctuations. 
Similar  gain  stability  with  an  MOSFET  cir- 
cuit requires  the  use  of  high  gain  amplifier 
with  feedback.  The  power  requirement  for 
the  CCDA  is  approximately  20  mW  as  It  Is 
implemented  In  this  filter.  An  MOS  differ- 
ential amplifier  with  similar  bandwidth 
would  require  considerably  more  power  par- 
ticulatly  if  the  gain  were  feedback  stabl- 
1 ized. 

D)  INPUT  AMPLIFIER 

Since  the  output  noise  level  is  domi- 
nated by  the  noise  in  the  output  amplifier, 
it  is  desirable  to  Introduce  gain  at  the 
input  of  the  CCD  filter  for  low  signal 
level  applications.  This  procedure  of 
course  does  not  increase  the  dynamic  range 
but  rather  scales  both  the  minimum  and  max- 
imum signal  levels  by  the  same  amount  On 
this  CCD  filter  we  have  included  a charge- 
coupled  Input  amplifier  which  operates 
similarly  to  the  output  amplifier.  The  gain 
of  10  preamplifier  can  be  bypassed  if  the 
input  gain  is  not  needed.  If  gain  is  re- 
quired at  the  input  of  a tarnsversal  filter 
It  is  necessary  to  use  linear  voltage  gain 
before  the  input  of  the  filter.  It  Is  not 
desirable  to  achieve  gain  directly  in  the 
input  of  the  CCD  filter  by  the  use  of  a 
large  Input  capacitance  such  as  the  floating 
diffusion.  The  reason  is  that  transversal 
filters  utilizing  split  electrode  tap  weights 
require  the  use  of  an  input  in  which  the 
nonlinear  contribution  of  the  bulk  charge 
under  the  tapped  electrodes  is  exactly 
cancelled  by  the  introduction  of  compensa- 
ting charge  at  the  Input  of  the  filter. *>5 
This  compensation  is  accomplished  by  the  use 
of  the  diode  input  scheme  shown  in  Figure  6, 
in  which  the  signal  is  applied  directly  to 
the  Input  diode.  A dc  gate  isolates  the 
input  circuit  from  the  clock  transients  and 
the  input  is  gated  on  and  off  by  the  0i 
clock  voltage  which  Is  applied  to  the  first 
CCD  transfer  electrode.  This  input  scheme 
results  in  a linear  relationship  between  the 
input  signal  voltage  and  the  filtered  output 
signal  voltage  appearing  on  the  integrating 
capacitors.  Therefore,  we  drive  the  input 
diode  of  the  CCD  filter  with  the  voltage 
amplifier  when  gain  is  required  at  the  filter 
i nput . 

E)  CLOCK  CIRCUITRY 

An  important  step  in  fully  integrating 
a CCD  transversal  filter  Is  efficiently 


generating  the  clock  voltages  on-chlp.  The 
logic  for  our  three-phase  drivers  Is  shown 
In  Figure  7.  The  master  clock  C operates 
at  twice  the  clock  frequency  and  toggles  the 
bistable  flip-flop  on  each  positive  transi- 
tion, generating  Q and  Q.  C is  Inverted  and 
delayed  through  two  series  inverters  to 
generate  C'.  The  clock  phases  0i  through  0j 
are  generated  by  NORHng  appropriate  combina- 
tions of  Q,Q  with  C,C' . 

The  NOR  gates  and  drivers  are  shown 
In  Figure  8.  When  both  inputs  to  the  NOR 
gate  are  low,  Tj,  Is  on  and  the  bootstrap 
capacitor  CgC*’  pF)  becomes  charged  posi- 
tively, thereby  turning  on  the  driver  Tg  and 
pulling  0 toward  15  V.  The  bootstrap  capac- 
itor remains  charged  and  keeps  the  pullup 
driver  on  even  after  the  clock  line  reaches 
15  V.  When  the  following  phase  0n+)  goes 
positive,  the  voltage  on  the  bootstrap  capac- 
itor is  discharged  through  T_,  thereby  turn- 
ing off  the  pullup  driver;  aRd  the  pulldown 
transistor  T_  is  activated,  thereby  returning 
0 to  ground.  All  clock  circuitry  Is  n-channel 
M0S  with  depletion  loads  and  switching  thres- 
holds obtained  by  means  of  ion  implants. 

Advantageous  properties  of  these  drivers 
are  (1)  they  provide  three-phase  clocks  that 
overlap  slightly  at  the  crossover  point;  (2) 
they  draw  small  quiescent  power  when  they 
are  not  switching;  (3)  they  present  a low 
impedance  to  the  clock  line  capacitance  C^ 
in  both  the  ON  and  OFF  state;  and  (<t)  they 
provide  a 25%,  50%,  25%  duty  cycle  for  0^ , 

02,  and  respectively.  This  last  character- 
istic is  advantageous  for  transversal  filter- 
ing because  when  the  electrodes  are  tapped, 
the  50%  duty  cycle  of  the  0^  clock  gives  a 
longer  time  to  sense  and  sample  the  filter 
output . 

F)  WEIGHTING  COEFFICIENT  DESIGN 

Another  important  design  goal  of  this 
filter  was  to  obtain  a very  narrow  bandpass 
characteristic.  In  order  to  achieve  this 
goal  a large  number  of  delay  stages  is 
required  since  the  sharpness  of  passband  to 
stopband  transitions  is  Inversely  proportional 
to  the  length  of  the  transversal  filter.  As 
a compromise  between  a very  narrow  response 
and  a practical  CCD  size,  a length  of  800 
delay  stages  was  selected.  A number  of  design 
techniques'!  have  been  developed  for  deter- 
mining the  weighting  coefficients  of  digital 
finite  impulse  response  (FIR)  linear  phase 
filters.  These  digital  filter  design  techni- 
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ques  are  directly  applicable  to  CCD  trans- 
versal  filters.  The  weighting  coefficients 
for  the  800  stage  bandpass  filter  were  de- 
signed using  a computer  program'1*  which  opti- 
mizes the  weighting  coefficients  under  the 
criteria  of  minimum  stdelobe  amplitude  for  a 
specified  transition  bandwidth  from  passband 
to  stop  band.  This  design  algorithm  results 
In  equlripple  sidelobes.  The  parameters  used 
in  out  design  resulted  in  a narrow  bandpass 
filter  with  a center  frequency  at  f » fc/4. 
The  width  of  the  bandpass  is  0.007  x f at 
-3  dB  and  0.017  x f at  -40  dB.  The  peaks 
of  the  sidelobes  are  uniform  at  -40  dB. 

Higher  stopband  attenuation  could  have  been 
obtained  at  the  expense  of  a broader  bandpass. 


of  the  error  filter 


Evaluating  (11)  for  the  800  stage  bandpass 
filter  with  a weighting  coefficient  quantiza- 
tion of  i*  0.5$  yields  an  expected  error 
response  of  -76  dB.  Thus  we  do  not  expect 
to  see  the  effects  of  weighting  coefficient 
quantization  in  the  transfer  function  of 
this  filter. 

III.  EXPERIMENTAL  RESULTS  AND  CONCLUSIONS 


The  weighting  coefficients  are  quantized 
in  the  photomasks  due  to  the  use  of  computer 
generated  photomasks.  In  this  CCD  design, 
the  weighting  coefficients  are  coded  into 
the  channel  stop  level  by  placing  a small 
region  of  p+  diffusion  under  the  gap  in  the 
split  electrode  clock  phase.  With  this 
technique,  the  weighting  coefficients  are 
defined  with  the  resolution  of  the  channel 
stop  photomask  and  are  therefore  insensitive 
to  small  offsets  in  alignment  of  other  photo- 
mask levels  during  the  fabrication  process. 

The  expected  resolution  of  the  weighting 
coefficients  is  0.3  to  0.6$  of  the  maximum 
value.  The  filter  with  weighting  coefficient 
quantization  can  be  modeled  as  two  filters 
in  parallel  one  of  which  is  the  ideal  filter 
and  the  other  Is  an  error  filter  having 
weighting  coefff icients  equal  to  the  differ- 
ence between  the  quantized  weighting  coeffic- 
ient values  and  the  ideal  values. 5 Because 
the  quantization  errors  are  random,  a good 
qualitative  model  of  the  spectral  response 
of  the  error  filter  can  be  obtained  by  assum- 
ing a flat  spectrum.  The  magnitude  of  the 
error  filter  frequency  response  has  an  expect- 
ed rms  value  proportional  to 

AH  - ( «2/12)i  x N*  (9) 

rms 


Preliminary  evaluation  of  the  perform- 
ance of  these  devices  is  presented  here.  The 
frequency  response  of  the  filter  is  very  close 
to  the  design  as  presented  in  Figures  9 and 
10.  The  response  curves  shown  in  Figure  9(a) 
and  9(b)  were  obtained  with  clock  frequencies 
of  100  kHz,  where  the  bandpass  center  fre- 
quency Is  25  kHz  and  the  3 dB  bandwidth  is 
0.7$  of  the  bandpass  or  175  Hz.  The  highest 
sidelobe  response  is  about  -37  dB  which  is 
3 dB  higher  than  the  design  value  of  -40  dB. 
The  small  deviations  in  the  sidelobe  response 
from  the  design  level  is  caused  by  a spurious 
feedthrough  of  the  input  signal  to  the  output 
at  a level  about  -55  dB  below  the  bandpass 
peak  response.  The  feedthrough  response  has 
a different  phase  relationship  to  different 
sidelobes,  thus  it  adds  constructively  to 
some  and  destructively  to  others.  The 
path  of  this  feedthrough  signal  is  being 
investigated.  Similar  performance  is  observed 
at  a clock  frequency  of  1 MHz  as  shown  in 
Figure  10.  As  expected  the  bandpass  center 
frequency  scales  to  250  kHz  and  the  bandwidth 
to  1.75  kHz.  The  highest  sidelobes  are  -36  d8 
and  as  above  the  deviation  from  the  ideal 
characteristics  results  from  the  spurious 
direct  feedthrough  of  the  input  signal  to  the 
output . 


where  4 is  the  relative  quantization  incre- 
ment of  the  weighting  coefficients  ( Ah/h  ). 
The  peak  response  of  the  ideal  bandpass 
filter  is  proportional  to 

H0  ■ -2Af7?7  (,0) 

where  Af/f  is  the  ratio  of  the  3 dB  band- 
width to  tfie  clock  frequency.  Combining  (9) 
and  (10)  we  obtain  the  relative  contribution 


The  measured  gain  of  the  overall  filter 
is  approximately  O.56  (-5  dB  insertion  loss) 
at  the  bandpass  center  frequency.  As 
described  in  Section  II  a gain  of  1.4  (+3  dB) 
was  expected  for  the  ideal  filter.  Part  of 
the  attenuation  can  be  accounted  for  by  the 
effects  of  charge  transfer  inefficiency. 
Measurements  indicate  that  these  devices 
typically  have  charge  transfer  inefficiency 
ranging  from«=  .00025  «ss.0003.  The  effect 

of  transfer  inefficiency  Is  to  attenuate  the 
frequency  response  by  the  factor® 


I 


i 
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0 - cos  2»f/fc)  (12) 


which  reduces  the  bandpass  frequency  by 
about  3 dB  with  the  observed  values  of  « . 
Another  3 dB  attenuation  results  from  a 
measured  capacitance  ratio  of  R “ 3 Instead 
of  the  design  value  R ■ 2.2  used  In  (12). 

The  measured  voltage  gains  of  the  dif- 
ferential voltage  amplifier  and  the  Input 
voltage  amplifier  were  each  approximately 
G « 9 at  both  f - 100  kHz  and  f ■ 1 MHz. 

At  a signal  voltage  level  of  1 V rms  at  the 
output  of  the  Input  amplifier,  the  second  a 
and  third  harmonics  were  -AO  and  -50  dB 
respectively.  Since  the  two  amplifiers  are 
constructed  identically  the  same  character- 
istics should  apply  to  the  output  amplifier 
as  wel 1 . 

Detailed  measurements  are  under  way 
to  determine  the  noise,  linearity,  frequency 
range,  and  power  requirements  of  the  entire 
filter.  The  preliminary  results  above  Indi- 
cate that  performance  consistent  with  design 
goals  will  be  achieved. 


ACKNOWLEDGEMENTS 

The  author  acknowledges  the  support 
of  the  U.  S.  Army  Electronics  Command, 
Contract  DAAB07-73-C-0266,  monitored 
by  T.  J.  Lukaszek. 


REFERENCES 

(1)  D.  D.  Buss,  D.  R.  Collins,  W.  H.  Bailey 
and  C.  R.  Reeves,  "Transversal  Filter- 
ing Using  Charge  Transfer  Devices," 

IEEE  J.  Solid-State  Circuits,  SC-8, 

pp  13A-1A6,  April  1973. 

(2)  C.  R.  Hewes,  R.  W.  Brodersen,  and 

0.  D.  Buss,  "Frequency  Filtering  Using 
Charge-Coupled  Devices,"  Proc.  of  the 
29th  Annual  Frequency  Control  Sympos- 
ium, Atlantic  City,  May  1975. 

(3)  R.  D.  Baertsch,  W.  E.  Engeler,  H.  S. 
Goldberg,  C.  M.  Puckette,  and  J.  J. 
Tiemann,  "Two  Classes  of  Charge 
Transfer  Devices  for  Signal  Process- 
ing," Proc.  International  Conf. 
Technology  and  Applications  of  CCD's, 


Edinburgh,  September  197A,  pp  229-236. 

(A)  R.  W.  Means,  D.  D.  Buss,  and  H.  J. 

Whltehouse,  "Real  Time  Discrete  Fourier 
Transforms  Using  Charge  Transfer 
Devices,"  Proc.  CCD  Applications 
Conference.  San  D lego.  September  1973 - 

(5)  R.  VI.  Brodersen,  H.  S.  Fu,  R.  C. 

Frye  and  D.  D.  Buss,  "A  500-pptnt 
Fourier  Transform  Using  Charge- 
Coupled  Devices,"  1975  IEEE  Inter- 
national Solid-State  Circuits  Conf., 
Dlqest  of  Tech.  Papers,  Phi  la.,  Feb. 
1975,  PP  IAA-1A5. 

(6)  R.  W.  Brodersen,  C.  R.  Hewes  and  D. 

D.  Buss,  "Spectral  Filtering  and 
Fourier  Analysis  Using  CCD's," 

IEEE  Advanced  Solid-State  Components 
for  Signal  Processing.  IEEE  Inter- 
national  Symposium  on  Circuits  and 
Systems,  Newton,  Mass.,  pp  A3-68, 

April  1975. 

(7)  D.  D.  Buss  and  W.  H.  Bailey,  "Applica- 
tion of  Charge  Transfer  Devices  to 
Communication,"  Proc.  CCD  Applications 
Conference,  San  Diego,  September  1973. 
PP  83-93. 

(8)  W.  D.  Bertran,  A.  M.  Mohsen,  F.  J. 
Morris,  D.  A.  Seeler,  C.  H.  Sequin, 

M.  F.  Thompsett,  "A  Three  Level 
Metal izatton  Three  Phase  CCD,"  IEEE 
Trans.  ED  22,  758-767,  (Oec.  197A). 

(9)  J.  E.  Carnes  and  W.  F.  Kosonocky, 

"Noise  Sources  In  Charge-Coupled  De 
Devices,"  RCA  Rev.  33.,  327  (1972). 

(10)  S.  P.  Emmons  and  D.  D.  Buss,  "Noise 
Measurements  on  the  Floating  Diffusion 
Input  for  Charge-Coupled  Devices," 
Journal  of  Applied  Physics,  A5,  5303 
(1974) . 

(11)  M.  F.  Thompsett,  "Surface  Potential 
Equilibration  Method  of  Setting 
Charge  in  Charge-Coupled  Devices," 

IEEE  Trans.  ED  22,  305  (1975). 

(12)  J.  E.  Carnes,  W.  F.  Kosonocky  and  P. 

A.  Levine,  "Measurements  of  Noise 

In  Charge-Coupled  Devices,"  RCA  Rev. 

3A,  p.  553  0973). 

(13)  L.  R.  Rabtner  and  B.  Gold,  Theory 
and  Application  of  Digital  Signal 


315 


C.  Robert  Hewes 


Processing,  Prentice-Hall,  Inc., 
Englewood  Cliff,  N.  J.,  1975- 

(14)  J.  H.  McClellan,  T.  W.  Parks,  and 
L.  R.  Rablner,  "A  Computer  Program 
for  Designing  Optimal  FIR  Linear 
Phase  Digital  Filters,"  IEEE  Trans- 
actions on  Audio  and  Electroacoustics, 
AU-21,  506  (1973). 


charge-coupled 

CHARGE -C0UPLC0  DIFFERENTIAL 


FIGURE  1.  Block  diagram  of  the  BOO  stage 
CCD  transversal  filter. 


FIGURE  3.  Schematic  of  the  operation  of 
the  CCD  corner  showing  the  surface  potential 
at  various  stages  In  transfer. 


4* 


FIGURE  4.  Schematic  of  the  differential 
current  Integrator  showing  the  clock  line 
current  Integrating  capacitors  Cj  — . 


FIGURE  2.  Electrode  structure  of  the  three 
metal Izatlon  three  phase  CCD. 
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FIGURE  5.  Schematic  of  the  charge-coupled 


FIGURE  6.  Potential  energy  diagram  demon- 
strating the  operation  of  the  charge- 
coupled  differential  amplifier.  An  amount 
of  charge  Q»C.  (v+  - v")  is  transferred 
into  an  output  diode  having  capacitance  C-, 
thereby  resulting  in  an  output  voltage  V 1 


C.N/C2 


(v+  - v'). 


FIGURE  7.  Timing  and  logic  to  generate 
three-phase  clocks.  Phase  2 has  a 50%  duty 
cycle  while  Phase  1 and  Phase  3 each  have 
a 25%  duty  cycle. 


FIGURE  8.  Clock  Line  Drivers 
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FIGURE  9.  Frequency  response  of  the  BOO 
stage  CCD  filter  operated  at  a clock 
frequency  of  IDO  kHz. 


250  kHz 


300  kHz  240kHz 


FIGURE  10.  Frequency  response  of  the  800 
stage  CCD  filter  operated  at  a clock  fre- 
quency of  1 MHz. 


A SWEPT  DELAY  CORRELATOR 


J B G Roberts  R Eames 


Royal  Radar  Establishment,  Malvern,  England 


ABSTRACT  Charge-transfer  devices  can  be  used  as  low-loss  analogue  delay  lines  of 
variable  length  extending  up  to  many  msec.  This  can  be  exploited  to  provide  a very  simple 
auto-correlator  suitable  for  examining  stationary  signals.  By  controlling  the  clock 
frequency  so  that  its  period  is  swept  linearly,  a gradually  increasing  delay  can  be 
inserted  into  the  signal  path.  The  mean  product  of  the  delayed  and  un delayed  signal 
represents  the  estimated  auto- correlation  (strictly  the  autocovariance)  function  of  the 
signal  and  this  can  be  obtained  very  simply  using  mi  analogue  multiplier  followed  by  a 
integrator  with  a time  constant  chosen  to  match  the  sweep  rate  of  the  delay. 


INTRODUCTION 


It  is  sometimes  important  to  establish  the 
decorrelation  times  of  random  or  quasi- 
random signals,  for  instance  radar  echoes 
from  sea  waves.  In  other  cases  it  may  be 
required  to  detect  and  measure  the  period 
of  repetitive  components  in  a signal  with- 
out foreknowledge  of  their  shape  and  when 
they  may  be  masked  by  other , perhaps 
larger,  components.  Problems  of  this  type 
call  for  a knowledge  of  the  auto- 
correlation properties  of  the  signal  s, 
expressed  by  the  autocovariance  fraction 


* (t) 


1 


s(t)  s(r+t)dt 


which  if  normalised  to  make  ♦ (0)  - 1, 
becomes  the  auto-correlation  fraction 
(acf).  In  practice  the  integral  is  over  a 
finite  interval  of  time,  t so  that  ♦ is 
statistically  estimated  only,  t specifies 
the  time  displacement  or  lag  across  which 
the  signal  correlation  is  measured. 


When  the  signal  statistics  change  slowly 
enough  for  stationarity  to  be  aasiaaed, 
sequential  methods  of  estimating  t for 
different  values  of  t are  applicable  with 
consequent  savings  in  hardware  coup  are  d 
with  systems  which  simultaneously  measure 
4 for  all  tiw  lags  of  interest.  A simple 
real  time  implementation  of  this  approach 


is  possible  using  charge  transfer  devices 
(CTD).  Fig  1 shows  how  a CTD  can  be  used 
to  provide  the  time  displacement  t and  a 
four-quadrant  analogue  multiplier  to 
derive  the  product 

s (t)  s(t«-r) 

which  is  integrated  to  form  an  estimate  of 
$ using  a simple  time  constant. 


Fig  1 CTD  Autocorrelator 


DESIGN  CONSTRAINTS 


Some  care  is  necessary  in  obtaining 
meaningful  estimates  of  $(t)  for  a fluc- 
tuation s(t).  The  integrator  time 


1 

\ 
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constant  T must  be  long  enough  for 
sufficient  independent  samples  of  the 
product  s(t)  s(x+t)  to  be  integrated  to 
allow  a given  fractional  accuracy  f to  be 
obtained.  The  sweep  rate  of  the  clock 
period  P must  also  be  low  enough  for  the 
change  due  to  the  changing  t (-  NP  for 
an  N-sample  delay)  also  to  be  kept  smaller 
than  f$. 

If  the  variable  sampling  rate  of  the  CCD  is 
always  kept  below  Nyquist,  all  the  products 
integrated  will  be  independent  and  the 
attainment  of  a fractional  accuracy  f 
requires  approximately  1/f^  samples  to  be 
integrated  so  that 

T - P/f2  > l/(2Bf2) 


Fig  2 Compensated  correlator 


fixes  a lower  bound  for  T where  B is  the 
bandwidth  of  s. 

dP 

The  sweep  rate  causes  a change  in  $ over 
a time  T of 


where  represents  the  slope  of  $(t) . 
Keeping  this  error  also  down  to  the  frac- 
tion f requires 


which  becomes  important  with  the  sharply 
peaked  acfs  exhibited  by  wideband  signals. 
These  arguments  apply  only  if  we  do  not 
exceed  the  Nyquist  sampling  rate.  This 
limits  the  minimum  delay  attainable  to  N/2B. 
Below  this  value  of  t,  we  must  increase  T 
and  reduce  the  sweep  rate  to  maintain 
ac  curacy . 

In  practice  is  not  known  in  advance  and 
it  is  easier  to  experiment  with  the  inte- 
gration time  constant  and  sweep  rate  to 
make  sure  that  sensible  measurements  are 
being  obtained. 


EXPERIMENTAL  RESULTS 


The  hardware  equivalent  of  Fig  1 was 
realised  as  in  Fig  2 using  a pair  of  bucket 
brigade  circuits  connected  in  series  to 
form  the  delay  element.  A total  of  26 
samples  were  stored  at  any  time  and  a 
sample-hold  circuit  was  used  to  derive  a 


staircase  output  waveform, free  of  clocking 
transients.  The  two-phase  clock  was 
arranged  to  have  a period  increasing 
linearly  with  time  by  deriving  it  from  two 
ramp  functions,  the  faster  of  which  is 
reset  when  it  crosses  the  slower  as  indi- 
cated in  Fig  3.  The  end  points  and  sweep 
rate  of  the  clock  frequency  are  set  by 
suitably  choosing  the  slopes  of  the  two 
voltage  ramps.  The  bipolar  bucket  brigades. 


Fig  3 Linear  clock  period  generator 
waveforms 

normally  used  with  MHz  clock  rates,  were 
here  required  to  store  data  for  delays  t as 
long  as  120  ms  and  under  these  circumstances 
the  output  showed  a .-dependent  voltage 
offset  which  caused  a significant  error  in 
the  correlation  output.  This  was  approx- 
imately corrected  by  adding  to  the  bucket 
brigade  output  a fraction  of  the  slow  ramp 
signal  which  determines  the  sweep  rate  of 


320 


Fig  A Correlator  waveforms  (2.5  s/div) 


the  clock  period.  Fig  A shows  some 
representative  waveforms  on  simple  test 
signals.  In  each  case  the  integration  time 
constant  is  Is  and  the  auto-correlation  lag 
x is  swept  from  6ms  to  120  ms  (with  extreme 
clock  frequencies  of  A kHz  and  200  Hz)  in  a 
time  of  approximately  8 sec.  A (a)  shows 
the  approximately  cosinusoidal  acf  obtained 
with  a 20  Hz  sine  wave  input.  The  lower 
trace  shows  the  ramp  controlling  t.  During 
the  ramp  flyback  the  acf  is  retraced  in 
reverse  with  poor  accuracy  because  of  the 
high  sweep  rate.  Fig  A(b)  illustrates  the 
auto-correlation  of  a 30  Hz  pulse  waveform 
with  15%  duty  ratio.  In  both  cases  the 
measured  acf  is  substantially  correct,  the 
chief  distortion  being  due  to  the  voltage 
offset  error  in  the  bucket  brigade.  Because 
this  varies  non-linearly  with  storage  time 
it  is  difficult  to  remove  completely.  The 
effect  is  to  contribute  a proportion  of  the 
undelayed  signal  to  the  multiplier  output. 


In  spite  of  this  effect,  the  correlator  is 
adequate  for  certain  purposes  even  when 
time  lags  of  the  order  100ms  are  required. 

CONCLUSION 

A simple  auto-correlator,  which  can  readily 
be  generalised  to  cross-correlate  different 
signals  by  supplying  the  separate  signals 
to  the  delayed  and  undelayed  channels,  can 
be  built  around  a charge  transfer  device 
used  as  a variable  delay  line.  Its  chief 
restriction,  apart  from  being  applicable 
only  to  stationary  signals,  is  the  require- 
ment that  samples  stored  for  times  up  to 
the  longest  lag  to  be  measured  are  not 
appreciably  attenuated  or  offset  in  voltage 
compared  with  those  stored  for  the  shortest 
lags. 

Contributed  by  permission  of  the  Director  of 
RRE.  Copyright  Controller  HBMSO. 
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A TIME  DOMAIN  ANALYSIS  OF  VIDEO  INTEGRATORS 


A.  Chowaniec  G.S.  Hobson 

Department  of  Electronic  & Electrical  Engineering, 
The  University  of  Sheffield. 


ABSTRACT.  It  has  been  shown  that  video  integrators  can  be  realised  with 
charge  coupled  devices  (CCD's).  Such  a realisation  exploits  the  advantages 
of  a CCD  in  that  it  is  a sampled  data  device  and  combines  analogue  operation 
with  the  flexibility  of  digital  techniques  including  the  precise  control  of 
delay  time.  A video  integrator  serves  to  improve  the  signal-to-noise  ratio 
of  repetitive  signals  by  integrating  the  signals  in  a recirculating  delay 
line. 

Unfortunately  smearing  or  charge  transfer  inefficiency  places  a serious 
limitation  on  the  performance  of  such  integrators.  The  effect  of  smearing 
is  to  generate  and  feed  the  growth  of  secondary  signals  in  the  elements  of 
the  CCD  following  that  containing  the  primary  or  wanted  signal. 

This  paper  presents  a detailed  analysis  of  the  growth  of  secondary 
signals  in  CCD  delay  line  integrators.  Calculated  values  of  the  relative 
magnitudes  of  the  primary  and  first  two  secondary  signals  are  given  as 
functions  of  the  loop  gain,  transfer  efficiency  and  number  of  transfers.  On 
the  basis  of  this  analysis  several  techniques  are  proposed  for  reducing 
secondary  growth  whilst  maintaining  the  required  loop  gain  and  hence  the 
desired  signal-to-noise  ratio  improvement. 


1.  THE  VIDEO  INTEGRATOR 

If  a simple  recursive  filter  is 
operated  at  a frequency  at  which  sig- 
nal build  up  occurs,  it  can  be  con- 
sidered as  an  integrator.  Of  part- 
icular importance  is  the  processing 
of  repetitive  pulsed  signals,  as  may 
be  obtained  in  a radar  system.  If 
the  time  between  pulses  is  equal  to 
the  delay  time,  t,  the  recirculated 
and  incident  pulses  will  add.  The 
similar  growth  of  noise  is  slower 
because  it  adds  in  a root  mean  square 
manner  so  there  is  enhancement  of  the 
signal  to  noise  ratio.  The  advantage 
of  a CTD  system  is  that  the  precise 
control  of  the  delay  time,  inherent 
in  the  present  digital  techniques, 
is  retained,  but  there  is  a simpler 
compatibility  between  pulsed  signals 
and  the  sampled  data,  analogue  oper- 
ation of  the  CTD  (1) . It  can  be  shown 
that  charge  transfer  inefficiency 
modifies  the  transfer  function  of 
the  recursive  filter  but  in  this 
system  the  steady  state  frequency 
domain  representation  of  the  filter 
is  no  longer  useful,  rather  it  is 
the  growth  of  signals  in  time  and 
the  understanding  of  charge  transfer 
inefficiency  effects  in  the  time 
domain  that  is  of  interest. 

The  effect  of  charge  transfer  in- 
efficiency is  to  generate  and  feed 
the  growth  of  secondary  signals <2) 
in  the  elements  of  the  CTD  following 
that  containing  the  primary  or  wanted 
signal  so  that  an  error  is  added  to 
any  signal  contained  in  the  next  time 
cell.  Once  the  secondary  signal 
grows  above  the  noise  level  in  that 
element  of  the  device,  it  effectively 
destroys  some  of  the  signal  to  noise 
ratio  enhancement  obtained  through 
integration.  The  secondaries  can  be 
reduced  by  decreasing  the  loop  gain 
but  this  in  turn  also  reduces  the 
possible  signal  to  noise  ratio  im- 
provement. 


delay  line  has  am  impulse  response 
given  by 

A + BZ  + CZ2  + ....  (1) 

where  Z is  a delay  operator,  e 
representing  one  stage  of  delay,  Tj 
in  the  CTD  delay  line  (one  stage 
contains  p elements  in  a p phase 
CTD)  and  B,  C etc.  are  amplitudes-  of 
the  spurious  signals. 


IN 


OUT 


FIG.  1 


A fraction,  K,  of  the  output  from 
the  first  input  pulse  is  then  fed 
back  to  the  input  so  that  the  input 
signal  becomes 

(1  + KA)  + KBZ  + KCZ 2 .... 


After  m such  circulations  the  primary 
signal  builds  up  as 


A(1  + KA  + (KA) 2 + (KA) 
+ .... (KA)m-1 


(2) 


the  secondary  and  tertiary  as 

Sfi  = B(1  + 2KA  + 3 (KA) 2 
+ ....  n (KA) m-1 

Sc  = C(1  + 2KA  + 3 ( KA) 2 

+ ....  n(KA)m_1)  + 

KB2  (0+1  + 3KA  + 6 (KA) 2 


m(m-l) 


(KA)"1-2) 


(3) 


(4) 


Consider  the  build  up  of  signals 
in  the  time  domain  when  the  network 
of  Fig.  1 is  fed  with  a train  of 
equal  height  pulses  with  a pulse 
repetition  frequency  equal  to  the 
inverse  of  the  delay  time.  The 


For  positive  values  of  K any  one 
spurious  output  builds  up  faster 
than  the  ones  leading  it,  although 
the  magnitude  is  controlled  by  the 
factors  A,  B,  C,  because  it  feeds  on 
all  the  leading  outputs.  In  the 
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case  of  the  primary  and  secondary 
for  example,  the  primary  builds  up 
at  a rate  which  is  dependent  on  the 
fact  that  the  increasing  pulses  are 
of  unit  amplitude,  whilst  the  sec- 
ondary build  up  depends  on  the  amp- 
litude of  the  primary  which  is  con- 
tinually growing  to  a value  which  is 
greater  than  unity. 

The  magnitudes  of  the  signals 
after  an  infinite  number  of  circul- 
ations can  be  written 


B 


( 1-KA) 2 
C 


KB  2 


(1-KA)  : 


(1-KA) 


(5) 

(6) 

(7) 


Equations  5 and  6 are  similar  in 
form  to  those  derived  by  UrkowitzO) 
for  secondary  responses  in  conven- 
tional analogue  delay  line  integra- 
tors. 

An  infinite  number  of  circulat- 
ions will  be  considered  as  these 
give  the  'worst  case'  results. 

2.  CTD  IMPULSE  RESPONSE 

In  order  to  compare  the  relative 
magnitudes  of  the  output  signals  it 
is  necessary  to  determine  the  co- 
efficients A,  B,  C.  For  a CTD  delay 
line  the  impulse  response  can  be 
written  as  (4) 

6n  + Z(ne6n)  + Z2  ( £2{n)  .... 


Zj  C^’l  eV 


(8) 


( 


where  6 = 1-e-t,  6 is  the  charge 
transferred  at  each  stage,  e is  the 
charge  residual,  Jt,  is  the  charge 

loss  per  transfer,  C^+n-1  is  the  bi- 
nomial coefficient,  and  n is  the 
number  of  transfers  (elements  or 
stages  in  a single  phase  device) . 

The  first  three  terms  correspond  to 


the  coefficients,  A,  B,  C. 

In  order  to  simplify  this  equation 
assume  that  the  device  is  operated 
at  a clock  frequency  where  the  loss 
of  charge  can  be  neglected  (i.e.  5 
= 1-e,  this  then  is  strictly  only 
true  for  a CCD) . 

To  a good  approximation 

<5n  = 1 - ne  (9) 

provided  that  ne  is  small  (<0.1). 

Assuming  that  (n) (n+1)  = n2 , 
equations  5,  6,  7 may  now  be  written 
as 


1-ne 

1 - K(l-ne) 


sb  3-  s 


(ne)2 

■ 2 fT-  "K71=ner 

K(ne) 2 (1-ne) 

0-  ~ K(l-ne)3: 


(10) 


(11) 


•S»  (12) 


The  magnitudes  of  the  output  sig- 
nals, S.  D „ are  shown  in  Fig.  2 as 

functions  of  ne  for  given  values  of 

K.  If  the  device  was  perfect  (ne=0) 

then  Sn , S„  would  be  zero  and  S.  re- 
a c a 

duces  to  1/1-K) . Consider  the  curves 

for  K = 0.99  in  Fig.  2.  For  low 

values  of  ne,  Sft  approaches  the  ideal 

value  and  the  amplitudes  of  the 
secondaries  are  low.  As  ne  increases 
two  effects  can  be  observed. 

Firstly  the  secondaries  build  up  to 
magnitudes  close  to  that  of  the 
primary.  The  secondary-primary 
ratios  approach  unity.  Secondly  the 
magnitude  of  the  primary  becomes 
increasingly  lower  than  the  ideal 
value.  With  reference  to  equation 
10  this  can  be  attributed  to  an 
effective  reduction  in  the  loop  gain. 
The  gain  has  fallen  from  K to  an 
effective  value  K'  = K(i-ne).  These 
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effects  are  exaggerated  as  K app- 
roaches unity.  For  increasing  K an 
even  smaller  n is  required  to  main- 

SB  C 

tain  the  same  level  of  ( ) . 

SA 

3.  DESIGN  CONSIDERATIONS 


The  results  for  Y-rT  circulations 

(the  filter  time  constant)  are  shown 
in  Fig.  3 for  comparison  with  the 
case  of  m = <». 


In  practice  to  achieve  a desired 
signal  to  noise  ratio  improvement, 

Sft  has  to  grow  to  the  required  mag- 
nitude. The  loop  gain  must  be  main- 
tained. Equation  10  can  then  be  re- 
written in  terms  of  K ' . This  is  per- 
haps a more  useful  form  of  the  equ- 
ations for  design  purposes  as  it  is 
K'  that  sets  the  performance  of  the 
integrator.  The  ratios  S_  _/S  are 

D f C.  A 

shown  plotted  in  Fig.  3. as  functions 
of  the  effective  loop  gain.  Note 
that  the  ratios  can  now  exceed  unity 
because  for  a given  K'  and  ne,  K may 
be  greater  than  unity. 
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4.  TECHNIQUE  FOR  MINIMISING  EFFECTS 

OF  SECONDARIES 

It  is  evident  that  for  devices 
with  poor  transfer  efficiencies  or 
for  devices  with  a large  number  of 
stages,  the  required  value  of  K for 
a given  improvement  in  signal  to 
noise  ratio  may  not  be  attained  if 
S0/SA  is  to  be  kept  sufficiently  low, 

say  below  the  built  up  noise  level  in 
that  stage.  In  a practical  situa- 
tion some  way  has  to  be  found  of 
maintaining  a low  SB/Sft  ratio  whilst 

keeping  K as  high  as  required. 

CTD  delay  lines  differ  from  con- 
ventional analogue  delay  lines  in 
one  important  respect.  They  are 
sampled  data  device  and  hence  ad- 
jacent signals  are  contained  in  ad- 
jacent elements  of  the  CTD,  pre- 
cisely defined  in  time  and  synchro- 
nised to  some  clock  waveform. 
Similarly  the  secondary  and  subse- 


quent signals  resulting  from  one 
primary  are  also  precisely  defined 
and  can  therefore  be  manipulated 
electronically . 

Improvements  may  be  obtained  by 
sampling  the  input  only  once  every 
two  clock  cycles  so  that  an  element 
containing  the  primary  signal  is 
always  followed  by  an  initially 
empty  element.  As  integration  pro- 
ceeds, secondary  signals  will  grow 
in  the  empty  elements  and  tertiaries 
in  following  elements.  As  the  out- 
put of  the  CTD,  the  primary  is 
sampled  and  held,  and  added  to  the 
secondary  to  produce  the  output  sig- 
nal. In  this  way  it  is  the  growth 
of  the  tertiary  that  is  the  limiting 
factor  rather  than  the  secondary. 

As  the  tertiary  can,  for  lower  values 
of  K and  ne  be  an  order  of  magnitude 
smaller  than  the  secondary  this 
allows  a significantly  higher  value 
of  K to  be  used  and  hence  a higher 
signal  to  noise  ratio  improvement. 

Equations  10,  11,  12  and  13  give 


SC  _ n2e2 

" 7TTHF) 


1+K 

T=iT 


(15) 


and 


ne 

(1  - K') 


(16) 


There  is  a decrease  of  spurious  sig- 
nals by  a factor  of  ne . ,1+K'.  . 

T * (1=*T> 

Little  improvement  occurs  if  the 
effective  loop  gain,  K',  is  large 
enough  to  be  comparable  with  (1-ne) 
but  smaller  loop  gains  give  consid- 
erable improvement.  For  example 

SR 

with  ne  = 10  3 and  K'  = 0.99  = 

&A 

10-1  for  the  simple  system  whereas 
a 10-fold  improvement  occurs  in  the 
modified  system.  No  improvement 
occurs  for  K'  = 0.999  but  for  K = 

0.9  approximately  100  times  improve- 
ment would  occur. 

The  dependence  of  the  spurious 
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signal  suppression  on  loop  gain  can 
be  removed  if  the  secondary  signal 
in  the  nominally  empty  element  is 
returned  to  zero  after  each  pass 
through  the  CCD.  The  improvement 
factor  over  the  simple  system  will 
be  discussed  in  the  oral  presentat- 
ion. 

A third  but  slightly  more  compli- 
cated modification  of  the  simple 
integrator  is  illustrated  in  Fig.  4. 
The  input  pulses  to  the  CTD  are 
sampled,  inverted,  multiplied  by  a 
factor  6(<1),  held  for  one  clock 
period  and  then  added  to  the  input. 
Assuming  that  the  spurious  signal 
smearing  is  a linear  process  the 
total  signal  output  will  be  the  sum 
of  the  two  output  signal  trains  shown 
in  Fig.  4.  Although  the  primary  is 
unaffected,  the  smeared  outputs  will 
tend  to  din  cel . Again  the  improve- 
ment factors  will  be  discussed  in 
the  oral  presentation. 
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5.  DISCUSSION 

A detailed  analysis  of  the  build 
up  of  spurious  signals  in  CTD  inte- 
grators has  been  considered.  Com- 
puted values  of  the  relative  mag- 
nitude of  primary,  secondary  and 
tertiary  outputs  from  the  integrator 
have  been  presented  as  functions  of 
K,  the  loop  gain,  and  ne , the  over- 


all transfer  inefficiency  of  the  CTD. 

The  growth  of  secondaries  is  more 
severe  for  higher  values  of  K.  As 
higher  K gives  increased  signal  to 
noise  ratio  improvement,  the  limit- 
ation imposed  on  K by  the  necessity 
of  keeping  the  secondaries  below  a 
certain  level  also  reduces  the  poss- 
ible improvement  in  signal  to  noise 
ratio. 

The  limitation  on  loop  gain  will 
be  set  by  the  dynamic  range  required 
for  the  input  signal.  If  the  small- 
est detectable  signal  after  inte- 
gration is  equal  to  the  noise  volt- 
age at  the  output,  the  ratio  of 
primary  and  spurious  signals  must  be 
greater  than  desired  dynamic  range 
in  order  that  a large  preceding 
primary  signal  does  not  leave  a sec- 
ondary signal  in  excess  of  the  out- 
put noise. 

Three  techniques  were  suggested 
for  reducing  the  effect  of  second- 
aries and  hence  permitting  a higher 
loop  gain  to  be  used  for  a given 
value  of  ne.  The  first  technique, 
basically  the  addition  of  the  prim- 
ary and  secondary  signals  to  give 
the  output  signal,  is  simple  and 
effective  for  lower  K and  ne  values. 
It  also  has  the  advantage  of  improv- 
ing the  signal  to  noise  ratio  even 
if  K is  not  increased. 

The  second  technique  reduced  the 
spurious  signals  by  periodically  re- 
moving the  secondaries  while  the 
third  technique  continuously  can- 
celled the  secondaries.  The  improve- 
ment in  both  is  equally  effective  at 
all  values  of  loop  gain  and  partic- 
ularly so  at  low  ne.  The  second 
technique  is  4 times  less  effective 
at  reducing  smeared  signals  than  the 
more  involved  third  one.  The  third 
technique  involves  some  loss  in  sig- 
nal to  noise  ratio  improvement  which 
reduces  that  gained  from  the  in- 
crease in  K that  it  makes  possible. 

In  the  analyses  discussed,  the 
signal  transfer  processes  within  the 
CTD  have  been  assumed  linear  with 
signal  amplitude.  Normally  this  is 


a good  approximation,  but  in  this 
case  signal  amplitude  may  vary  over 
several  orders  of  magnitude,  from 
that  of  the  built  up  primary  to  the 
noise  level.  Consequently  it  may  no 
longer  be  justified  to  use  the  linear 
approximation  for  very  high  gain 
systems.  In  practice  the  performance 
of  CCD  video  integrators  was  found 
to  be  limited  by  non-linearities 
associated  with  the  input  to  the 
device.  These  prevented  very 
accurate  measurements  of  secondary 
growth  from  being  made  and  also  re- 
stricted the  operation  of  the  inte- 
grator to  low  loop  gains  where  the 
growth  is  small. 
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ABSTRACT.  The  noise  In  burled  channel  charge  coupled  devices  was  measured  and  was  found 
to  be  composed  of  noise  from  four  sources,  output  amplifier  noise,  dark  current  noise, 
electrical  input  noise  and  bulk  state  trapping  noise.  Because  of  the  low  levels  of  noise 
achieved  In  the  output  amplifier  and  in  the  electrical  input  of  signal  It  was  possible  to 
make  direct  measurements  of  the  dependence  of  bulk  state  trapping  noise  on  input  signal, 
clock  rate  and  spectral  frequency.  The  measured  results  for  all  the  noise  sources  were 
found  to  be  in  satisfactory  agreement  with  theoretical  expectations. 

I.  INTRODUCTION 


In  this  paper  an  investigation  is  made 
of  the  noise  sources  which  limit  the  dynam- 
ic range  of  a buried  channel  charge  coupled 
device  (CCD)  linear  shift  register.  There 
were  four  sources  of  noise  which  were  ob- 
served; output  amplifier  noise,  dark  cur- 
rent noise,  electrical  Input  noise  and 
bulk  state  trapping  noise.  The  noise 
level  of  each  of  these  sources  was  found 
to  be  in  reasonable  agreement  with  the 
theoretical  expectations. 

A procedure  was  developed  and  will 
be  presented  in  Section  V which  made  it 
possible  to  separate  the  relative  contri- 
butions of  each  of  the  above  four  compo- 
ents  of  noise.  However,  in  order  to  per- 
form this  separation,  an  output  amplifier 
was  needed  which  had  a very  low  noise 
level.  It  was  found  that  satisfactory 
noise  levels  could  be  obtained  by  the  use 
of  correlated  double  sampl Ing1 (CDS)  if 
very  careful  optimization  of  band  limiting 
and  pulse  timing  was  employed.  A noise 
analysis  will  be  given  in  Section  VI  which 
identifies  the  tradeoffs  involved  in  this 
optimization.  Using  the  results  of  this 
analysis  it  was  possible  to  obtain  noise 
levels  of  less  than  30  e~  (rms  noise 
electrons) . 

In  Section  VI I the  dark  current  noise 
as  expected  was  found  to  be  well  charac- 
terized by  shot  noise  and  for  our  devices 


at  a 500  kHz  clock  rate,  a typical  value 
of  noise  due  to  dark  current  was  20  e~. 

A low  noise  design  of  the  "fill  and 
spill"  type  input  was  used  which  wilt  be 
described  in  Section  VI II. 8,3,4  This 
input  structure  made  it  possible  to  elec- 
trically inject  very  low  noise  signals. 

The  dependence  of  this  noise  on  signal 
size  was  found  to  be  in  satisfactory  agree- 
ment with  a simple  phenomenological  theory. 

Because  of  the  low  noise  levels  which 
were  obtained  for  the  previous  three  noise 
sources,  it  was  possible  to  make  extensive 
direct  measurements  of  the  noise  due  to 
bulk  state  trapping,  the  level  of  which 
ranged  from  less  than  10  to  greater  than 
100  noise  electrons.  In  Section  ix 
measurements  of  the  spectral  density  of 
bulk  state  trapping  noise  wilt  be  pre- 
sented as  well  as  its  dependence  on  input 
signal  and  clock  rate.6  The  most  abundant 
bulk  trap  was  identified  as  being  intro- 
duced by  gold  impurities  which  had  a den- 
sity on  the  order  of  lo’’cm-3. 

In  Sections  I l-V  general  Information 
is  given  about  the  test  device^  measurement 
procedures  and  data  presentation.  In 
particular,  In  Section  II  a description  of 
the  device  will  be  given  as  well  as  some 
of  its  performance  characteristics.  In 
Section  Ilia  few  definitions  will  be 
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presented  and  In  Section  IV  the  test  Instru- 
mentation  will  be  described. 

In  Section  V a summary  is  given  of  the 
characteristics  of  the  four  observed  noise 
sources,  which  are  described  in  detail  in 
Sections  VI -IX. 

II.  TEST  DEVICE  CHARACTERISTICS 

A portion  of  the  150  stage  linear  shift 
register  which  was  used  exclusively  in  these 
noise  measurements  is  shown  in  Figure  I.  It 
makes  use  of  overlapping  gate,  four  phase 
clocks  (600  charge  transfers)  with  an  elec- 
trode size  of  7.5  pm  x 125  pm.  The  metalli- 
zation masks  were  compatible  with  both 
Ai-A^Oo-Ai!6  and  pol  y-s  i 1 icon-a  1 umi  num 
double  level  metal  systems.7  Both  of  these 
metallization  methods  were  used  in  fabrica- 
tion without  noticeable  effect  on  device 
operation.  The  thermally  grown  oxide  under 
the  metal  gates  was  typically  1 300  A thick 
and  it  was  grown  on  (100)  oriented,  p-type 
substrates  with  a typical  resistivity  of 
about  30  A-cm.  The  n-type  layer  in  the 
active  CCD  area  which  when  depleted  forms 
the  buried  channel8was  introduced  by  ion 
implantation  followed  by  a short  drive-in 
diffusion.  The  ion  implantation  dose  was 
typically  1.5  x 10  2cm"2  of  phosphorus  ions 
and  the  resulting  depth  after  diffusion  of 
the  buried  channel  ranged  in  depth  from 
2000-3000  A from  the  Si02"Si  interface. 

The  CCDs  were  selected  so  that  only 
those  devices  which  exhibited  low  transfer 
inefficiency  and  dark  current  were  used  in 
the  measurements.  The  transfer  inefficiency 
was  less  than  1 x 10*5  (fraction  of  the  sig- 
nal packet  lost  each  transfer)  in  the  best 
devices  but  was  more  typically  on  the  order 
of  2 x 10-5.  The  dark  current  ranged  from 
3-8  na/cm2  and  the  devices  were  also  checked 
to  eliminate  those  which  exhibited  points  of 
local ized  avalanching  (spikes).  Measure- 
ments were  made  using  gate  controlled  diodes 
on  the  same  I.C.,  to  separate  the  bulk  and 
surface  contributions  to  the  dark  current 
and  in  this  way  bulk  lifetimes  of  200  ps  were 
determined  with  surface  recombination  velo- 
cities of  less  than  5 cm/sec. 

An  important  characteristic  in  deter- 
mining the  performance  of  a buried  channel 
dsvice  is  the  distribution  of  the  signal 
charge  in  the  buried  channel.9  This  dis- 
tribution is  controlled  by  the  profile  of 
the  n-type  buried  channel  layer  and  for  use 


in  later  sections  the  calculated  distribu- 
tion of  signal  charge  is  shown  in  Figure  2 
for  the  impurity  profile,  N|M(X),  (shown  as 
the  dashed  line  in  Figure  2)  given  by 
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where  Xq  - .2p,  NA  - 5 x I0*^cm”3  and  N[>ose= 
1.0  x lo'2cm-2.  In  this  figure  a one  dimen- 
sional plot  of  the  charge  distribution  is 
shown  in  the  direction  from  the  S i -S i 02 
interface  (X  = 0)  into  the  silicon.  The 
charge  is  shown  in  Figure  2 to  be  located 
in  a layer  which  extends  from  .11  pm  to 
.16  pm  for  a signal  charge  of  7.3  x 10^ 
e"/cm-2.  This  layer  is  observed  to  increase 
in  width  and  move  closer  to  the  surface  as 
the  quantity  of  signal  charge  is  increased. 
This  property  of  the  signal  charge  in  buried 
channel  devices  will  be  found  to  signifi- 
cantly affect  their  noise  characteristics. 

III.  DEFINITIONS  AND  NOTATION 

Throughout  this  paper  the  measured  rms 
noise  voltage  levels  will  always  be  presented 
as  the  number  of  rms  noise  electrons  referred 
to  the  charge  packet  In  the  CCD  channel. 

In  order  to  simplify  comparisons  between 
the  spectral  density  and  rms  voltage  measure- 
ments and  to  facilitate  comparison  of  mea- 
surements at  different  clock  rates,  the 
units  which  will  be  used  in  the  spectral 
density  measurements  will  be  the  "equivalent" 
number  of  rms  noise  electrons,  n(f),  which 
is  defined  by 

n2(f)  - l2  “F  ~2~  ("f)  (2) 

K 8 G2(f)  N2/ 

in  which  R (volts/electron)  is  the  responsi- 
vity  of  the  entire  output  circuit  which  inc- 
ludes source  follower,  CDS  circuit  and  high 
gain  amplifier,  Vy.(f)  is  the  wave  analyzer 
reading  over  a bandwidth,  B,  which  is 
centered  at  a frequency  f.  The  function 
G(f)  characterizes  the  sample  and  hold  out- 
put waveform  and  for  a sample  pulse  which  is 
much  shorter  than  the  clock  period,  G(f)  is 
given  by 

sin(itfT  ) 

es  t n\  — ? /e\ 
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To  calculate  the  actual  number  of  rms 
noise  electrons,  n,  from  the  wave  analyzer 
reading  the  following  expression  should  be 
used.1* 

, . /e/2  V*  (f)  , 


Therefore,  n(f)  is  equal  to  n when  the  spec- 
trum is  white  (independent  of  frequency)  but 
for  a general  non-white  spectrums  (e.g.,  the 
noise  from  bulk  state  trapping),  n and  n(f) 
are  related  by 

, , c/2  , 

n * f f " (f)  df  (5) 

c o 

The  notation  which  will  be  used  is 
that  actual  rms  noise  electron  values 
(Eq.  4)  will  be  denoted  by  n.  in  which  the 
subscript,  i,  will  denote  the  particular 
noise  source.  To  denote  the  spectral  den- 
sity as  the  equivalent  number  of  rms  noise 
electrons  (Eq.  2)  the  argument,  f,  is 
added,  nj(f),  which  identifies  the  frequency 
at  which  the  spectral  density  is  being 
evaluated. 

In  order  to  provide  a noise  source 
"standard"  to  check  the  accuracy  of  the 
overall  measurement  setup  an  optical  input 
was  introduced  by  a simple  light  bulb  placed 
in  a light  tight  box  over  the  CCD  (as  shown 
in  Figure  3).  By  monitoring  the  average 
current  out  of  the  device  using  the  ammeter 
in  the  drain  of  T j,  it  is  possible  to  cal- 
culate the  number  of  optically  introduced 
electrons,  Nopt  from  which  can  be  calcu-  A 
lated  the  expected  shot  noise  level  of(N  )* 
This  calibration  procedure  gave  confidence1 
that  the  noise  measurement  accuracy  was 
within  ± 10%. 

IV.  TEST  INSTRUMENTATION 

The  test  setup  used  for  the  noise 
measurements  is  shown  in  Figure  3-  A stan- 
dard floating  diffusion  output  was  used 
(which  will  be  discussed  iater)  which  is 
composed  of  the  on-chip  MOSFETS  Tl  and  T2. 

In  the  drain  of  the  reset  transistor  Tl 
an  ammeter  is  shown  which  is  used  to  deter- 
mine the  responsivi ty,  R(volts/eIectron), 
of  the  CCD  output  by  measuring  the  change 
in  current  corresponding  to  a change  in  the 
output  voltage.  The  output  of  the  CCD 
I.C.  at  point  B is  then  processed  using  a 
circuit  which  implements  correlated  double 
sampling  (CDS)1  The  CDS  circuit  performs 
two  functions;  first,  it  removes  the  noise 


introduced  by  the  preset  of  node  A by  Tl,  and 
it  also  converts  the  output  into  a sample  and 
hold  format  which  can  be  amplified  without 
saturating  a high  gain  amplifier.  The  amp- 
lifier which  was  used  had  a gain  of  200, 
and  an  equivalent  input  spot  noise  level 
of  3 nv/Hz'/2,  The  output  of  this  amplifier 
was  then  fed  into  either  a wave  analyzer 
(HP  3 I0A)  which  has  a 3000  Hz  bandwidth  for 
spectral  density  measurements  or  into  a 
multi-channel  analyzer  (MCA)  for  rms  voltage 
measurements.  The  MCA  was  operated  In  the 
mode  which  provides  a visual  display  and 
storage  of  the  amplitude  distribution  of 
the  noise  which  is  Gaussian  for  all  the  CCD 
noise  sources(as  expected  for  most  physical 
noise  sources).  An  advantage  of  this  approach 
for  rms  voltage  measurements  is  that  spurious 
non-Gaussian  signals  (e.g.,  60  Hz)  can  be 
easily  identified  and  then  eliminated. 

V.  NOISE  SOURCES 

As  discussed  in  the  introduction,  an 
important  purpose  of  this  investigation  was 
to  determine  whether  the  theoretical  under- 
standing of  the  CCD  noise  sources  is  con- 
sistent with  experimental  evidence.  The 
four  types  of  noise  which  were  observed  were 
due  to;  1)  Output  amplifier,  2)  Dark  current, 

3)  Electrical  input  and  4)  Bulk  state  trapping. 

A brief  description  will  now  be  given 
of  each  of  the  above  contributions  along 
with  a procedure  which  makes  it  possible  to 
investigate  individually  the  noise  from  each 
of  the  four  sources. 

1)  OUTPUT  AMPLIFIER 

Output  amplifier  noise  will  be  described 
in  Section  V and  will  be  defined  as  the 
noise  generated  after  the  last  CCD  transfer 
has  taken  place.  In  the  experimental  setup 
shown  in  Figure  3 the  largest  contribution 
to  the  noise  of  the  output  amplifier  was 
generated  by  the  thermal  or  Johnson-Nyquist 
noise  in  the  source  follower,  T2*  A small 
amount  of  additional  noise  was  generated  in 
the  CDS  circuit  following  Tj.  The  output 
amplifier  noise  could  be  separated  from  the 
other  three  noise  sources  by  simply  reversing 
the  direction  of  the  CCD  clocks.  All  dark 
current  (thermally  generated  minority 
carriers)  will  then  be  clocked  out  the  input 
diode  (which  is  biased  with  a high  D.C. 
voltage)  so  that  any  noise  measured  at  the 
wave  analyzer  (or  MCA)  is  due  only  to  the 
output  ci rcui ts. 
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2)  DARK  CURRENT 


Dark  current  noise  will  be  briefly  dis- 
cussed in  Section  VII  and  Is  due  to  the 
thermal  generation  of  electrons  at  the 
Site'S!  interface  and  in  the  bulk  material.1* 
Since  this  generation  is  totally  random, 
the  collection  of  these  carriers  into  the 
buried  channel  results  in  full  shot  noise 
on  the  number  of  generated  electrons.11 
This  is  a white  noise  source,  the  amplitude 
of  which  can  be  determined  by  measuring 
the  noise  while  the  device  is  being  clocked 
forward  without  electrical  Input  of  charge 
and  then  subtracting  the  output  amplifier 
noise  which  was  measured  when  the  device 
was  being  clocked  in  reverse.  As  usual  in 
subtracting  (or  adding)  noise  voltage,  the 
subtraction  (or  addition)  is  in  quadrature, 
i.e. , the  measured  noise  voltages  must  be 
converted  to  power  (voltage  squared)  before 
the  two  noise  levels  are  subtracted  (or 
added) . 

3)  THE  ELECTRICAL  INPUT  NOISE 

The  electrical  input  noise  was  measured 
on  a "fill  and  spill"  type  input  (see  Sec- 
tion VIII)  which  was  especially  designed 
for  low  noise  operation.  The  separation  of 
this  noise  from  the  output  amplifier  and 
dark  current  contributions  can  be  performed  by 
simply  subtracting  out  in  quadrature  the 
noise  measured  without  any  introduced  sig- 
nal. The  separation  of  input  noise  from 
the  bulk  state  trapping  contribution  is 
somewhat  more  difficult  in  that  it  is  nec- 
essary to  make  use  of  their  characteristic 
spectral  distributions.  This  is  possible 
because  the  correlated  nature  of  bulk  state 
trapping  noi  se13  resul  ts  in  a suppression 
of  the  noise  at  low  spectral  frequencies 
so  that  the  noise  measured  at  these  fre- 
quencies is  due  only  to  the  spectrally  flat 
input  noise. 

4)  BULK  STATE  TRAPPING  NOISE 

Bulk  state  trapping  noise  was  found  to 
account  for  all  the  remaining  noise  after 
the  noise  due  to  the  above  three  sources 
were  subtracted  out  in  quadrature  from  the 
measured  readings.  It  is  easily  identifiable 
because  of  the  above  mentioned  spectral  den- 
sity frequency  distribution  resulting  from 
the  correlated  aspect  of  this  noise.  3 
This  noise  source  also  has  a relatively 
strong  dependence  on  clock  rate  and  input 
signal5 and  in  Section  lx  measurements  will 
be  presented  which  will  explore  these 
dependences. 


A critical  aspect  of  noise  measurements 
(and  operation  in  general)  of  CCDs  is  the 
performance  of  the  charge  detection  cir- 
cuitry. The  method  used  in  these  measure- 
ments was  correlated  double  sampling  (CDS) 
which  was  developed  by  M.  White,  et.  at,1 
for  low  light  level  Image  arrays.  This 
technique  not  only  has  the  capability  If 
properly  implemented  to  achieve  very  low 
noise  levels  but  has  the  additional  advantages 
of  being  linear,  stable  and  that  implementa- 
tion can  be  easily  performed  off  chip  (or 
on-chip)  with  only  a few  MOSFETS.  Also,  the 
final  output  is  in  a sample  and  hold  format 
which  is  important  for  noise  measurements 
because  it  minimizes  signal  power  at  the 
clock  rate  and  therefore  allows  high  gain 
ampl i f i cat  ion. 

In  spite  of  the  apparent  simplicity  of 
this  technique  it  was  found  that  only  by 
careful  optimization  of  the  timing  of  the 
sampling  pulses  as  well  as  introduction  of 
appropriate  filtering  was  it  possible  to 
achieve  noise  levels  below  30  noise  elec- 
trons. In  order  to  understand  the  trade- 
offs involved  in  this  optimization  a large 
part  of  this  section  will  be  devoted  to  a 
noise  analysis  of  this  output.  Also  the 
contributions  of  the  various  noise  sources 
in  the  circuit  which  was  implemented  will 
be  discussed,  first,  however,  a brief 
review  will  be  given  of  the  operation  of 
CDS,  as  well  as  discussion  of  the  circuits 
used  for  the  implementation. 

IMPLEMENTATION  OF  CORRELATED  DOUBLE  SAMPLING 

Figure  4 is  a schematic  representation 
of  the  circuit  which  was  used  to  implement 
CDS.  The  portion  of  this  circuitry  which 
wason  the  CCO  l.C.  (on  chip)  is  composed  of 
two  MOSFETS,  Tj  and  T2«  The  purpose  of 
transistor  T]  (shown  as  a switch)  is  to 
preset  the  output  capacitance,  0o,  (the 
capacitance  of  node  A)  to  a voltage  suffi- 
ciently high  to  deplete  the  buried  channel. 

The  signal  packet  is  then  transferred  onto 
this  capacitance  and  discharges  it  towards 
ground.  The  resultant  change  in  voltage  is 
sensed  by  the  source  follower  amplifier  T2 
and  is  brought  off  the  chip  at  point  B. 

The  voltage  waveform  which  is  observed  at 
poin..  B is  shown  In  Figure  5.  The  preset 
takes  place  In  the  time  interval  from  tc 
to  tj  and  the  signal  transfers  onto  node  A 
at  time  tj.  It  is  well  known  that  because 
of  the  thermal  noise  in  the  channel  of  T) 
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there  Is  a noise  due  to  the  preset  operation 


given  by 


n,  - i (kTCo)* 


'1 


400  e 


c0(p«* 


(6) 


The  output  capacitance  of  the  device  used 
in  these  measurements  was  C0  ■ .25  pf  which 
would  yield  the  unacceptably  high  noise 
level  of  200  e"  if  the  output  were  taken  at 
this  point  without  further  processing. 


The  CDS  technique  provides  an  approach 
for  removal  of  this  preset  noise.1  As  dis- 
cussed by  White,  et.  al.1  when  the  preset 
switch  is  opened  node  A has  a time  constant 
given  by  R0ff  Cc  where  Roff  is  the  resis- 
tance to  A.C.  ground  of  node  A when  tran- 
sistor T]  is  off  and  is  typically  > lo'^jv. 

The  preset  noise,  nj  will  therefore  be 
correlated  between  any  two  samples  which 
are  taken  after  the  preset  at  tj.  A dis- 
cussion of  this  correlation  is  given  in 
Appendix  A.  Therefore  if  the  output  is 
taken  to  be  the  difference  in  voltage  of 
the  samples  at  times  t2  and  t4  (shown  In 
Figure  5)  subject  to  the  constraints  t|  < 
t2  < ta  < t4  < tj.  The  preset  noise  will 
approximately  cancel  and  only  the  change 
In  voltage  due  to  the  transfer  of  the  sig- 
nal charge  will  be  observed.  If  the  time 
between  the  two  samples  (t4*t2)  is  too  long 
compared  to  the  time  constant  Roff  C0  then 
the  correlation  of  the  noise  is  decreased  and 
the  noise  level,  n. 

Appendix  A) 


11^,  will  be  measured  (see 
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where  n|  which  is  given  by  Equation  6 is 
the  preset  noise  without  COS.  The  effective 
value  of  Roff  which  was  observed  was  on  the 
order  of  10°  a which  required  the  interval 
t4-tj  to  be  less  than  5 usee  for  suppression 
of  the  preset  noise.  The  reason  for  this 
low  value  of  Roff  is  thought  to  be  due  to 
surface  leakage.  Therefore,  if  very  low 
frequency  operation  is  desired  then  care 
should  be  taken  to  reduce  this  leakage. 


If  the  Interval  t4*t2  is  much  greater 
than  Roff  CD  the  preset  noise  will  actually 
be  Increased  by  the  use  of  CD^T  This  in- 
crease occurs  because  the  noise  voltage 
sampled  at  the  times  t2  and  t4  are  then 
totally  uncorrelated  and  when  the  difference 


in  voltage  is  taken  between  these  two  sam- 
ples the  noise,  r>j,  from  each  sample  adds  in 
quadrature  and  yields  a resultant  noise 
level  of  /2  n|  which  can  be  seen  from  Eq.  7* 


The  circuit  which  was  used  to  take  the 
difference  in  the  two  samples  is  shown  in 
Figure  4.  The  signal  was  capacltively 
coupled  at  point  B by  capacitor  Cc  and  the 
clamped  to  a O.C.  voltage  at  time  t2.  The 
voltage  difference  was  sampled  and  held  on 
capacitor  CSH  by  briefly  closing  MOSFET 
switch  Tc  at  time  t4»  The  buffer  amplifiers 
T4  and  Tg  were  both  MOSFET  source  follower 
ci rcut  ts. 


NOISE  OF  CLAMP  AND  SAMPLE  CIRCUITS 


In  this  and  the  following  sections 
expressions  will  be  obtained  and  evaluated 
for  the  various  noise  sources  which  con- 
tribute to  the  total  output  noise  and  they 
will  be  evaluated  and  compared  with  the 
measured  results. 


The  clamping  of  capacitor  Cc  and  the 
sampling  by  T5  which  sets  Cjh  are  subject 
to  the  same  considerations  applied  to  the 
preset  of  node  A (Eq.  6)  with  respect  to 
the  uncertainty  of  voltage  on  capacitors 
Cc  and  C;h  except  there  is  no  suppression 
by  the  double  sampling.  Therefore,  the 
equivalent  number  of  rms  noise  electrons 
referred  to  the  CCD  channel,  nD,  resulting 
from  the  clamping  operation  at  time  t2  is 
given  by. 
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C0(Pf)Cc  (pf)*  (8) 


in  which  A2  is  the  gain  of  MOSFET  amplifier 


T2.  A similar  expression  can  be  obtained  for 


noise  due  to  the  sample  and  hold. 


I Co  ( kT  1*  400  e"  . 

nE  q A2A4  \cshJ  afl^Co(Pf)CSH  (Pf> 


(9) 


in  which  A4  is  the  gain  of  amplifier  T4. 


Choosing  suitably  large  values  of  Cc 


and  CjH  will  result  in  a negligible  contri- 


bution of  noise  from  the  clamp  and  sample 
operations.  For  the  circuit  which  was 
actually  implemented  the  calculated  noise 
levels  from  these  sources  are  n * 7 e'  and 
nE  - 9 e-. 
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The  noise  contributed  by  the  buffer 
source  follower  amplifiers  T4  and  Tg  can 
also  be  made  acceptably  small  by  proper 
choice  of  components.  In  the  realization 
used  in  these  measurements  standard  n- 
channel  MOSFETS  were  used  which  had  a low 
white  noise  (thermal  noise)  component 
but  unfortunately  had  a rather  high  1/f  noise 
which  was  characterized  by  a corner  frequency 
near  100  kHz.  An  increase  in  the  output 
noise  at  low  frequencies  was  observed  due 
to  this  excess  noise  but  it  was  not  suffi- 
ciently large  to  significantly  degrade  the 
subsequent  measurements  of  other  noise 
sources. 


1/f  NOISE  OF  SOURCE  FOLLOWER,  T2 

The  rms  noise  contributed  by  the  amp- 
lifiers T4  and  T&  is  unaffected  by  the  COS 
operation,  however,  the  noise  generated 
by  amplifier  T2  is  substantially  modified 
because  the  noise  is  generated  before  the  CDS 
circuit.  One  effect  on  the  noise  of  T2  which  was 
pointed  out  by  White,  et.al.1is  that  noise  at 
frequencies  that  are  much  less  than  (tlj-t2)”* 
is  substantially  suppressed.  This  charac- 
teristic of  CDS  is  especially  effective  in 
suppressing  the  1/f  noise  of  T2  as  long  as 
the  1/f  corner  frequency  of  T2  is  suffi- 
ciently low.  If  on  the  other  hand  the  1/f 
noise  corner  is  significantly  greater  than 
(^-12)"'  then  excess  noise  will  be  measured 
at  the  output.  Since  1/f  noise  in  MOSFETS  is 
believed  to  be  due  to  trapping  in  surface 
states,  substantial  reduction  in  1/f  noise 
can  be  obtained  if  these  transistors  are 
operated  in  a buried  channel  mode  (i.e., 
the  signal  is  away  from  the  S I — S i O2  inter- 
face). In  Figure  6 the  spectral  density  of 
the  noise  for  several  surface  and  buried 
channel  transistors  shows  the  improvement 
obtained  with  the  buried  channel  devices. 

To  fabricate  a buried  channel  transistor 
it  is  only  necessary  to  implant  the 
MOSFET  with  the  same  dose  which  was  used 
to  make  the  buried  channel  CCDs  and  to 
then  operate  at  sufficiently  low  current 
levels  to  keep  the  channel  buried.  These 
devices  have  a 1/f  corner  around  50  kHz 
which  is  seen  to  be  well  over  an  order  of 
magnitude  lower  than  the  surface  channel 
device  which  are  identical  to  the  buried 
channel  devices  in  all  respects  except 
they  did  not  receive  the  implant. 

For  reasons  which  will  be  discussed 
belov*  the  time  interval  (t4~t2)"i  should 
be  set  to  2 fc,  so  that  for  clock  rates 
greater  than  25  kHz  substantial  suppression 


of  the  1/f  noise  will  occur  for  a buried 
channel  MOSFET,  while  a large  amount  of 
excess  noise  will  be  introduced  at  the 
lower  clock  rates  if  a surface  channel 
MOSFET  were  used. 


THERMAL  NOISE  OF  SOURCE  FOLLOWER,  T? 


Besides  suppressing  the  1/f  noise  of 
transistor  T2,  the  CDS  circuit  also  affects 
the  white  (thermal)  noise  component  generated 
by  this  device.  In  Figure  7 the  level  of 
this  noise  is  typically  seen  to  be  approxi- 
mately 9 nv/Hzs.  Unfortunately  the  effect 
of  COS  is  to  increase  the  contribution  from 
this  source  instead  of  suppressing  it.  In 
fact  it  will  be  shown  that  this  noise  com- 
ponent is  the  dominant  source  of  noise  in 
the  entire  output  amplifier.  The  optimiza- 
tion of  timing  and  band  limiting  which  was 
referred  to  in  the  i nt  roduct  ion,  which  will 
now  be  discussed,  is  an  attempt  to  decrease 
the  contribution  of  noise  from  this  one 
source. 


The  purpose  of  the  single  pole  low 
pass  filter  with  time  constant  R|Cj  which 
follows  T2  in  Figure  4 is  to  band  limit 
the  thermal  noise  of  transistor  T2  and  thus 
to  reduce  its  contribution  to  the  rms  noise. 
The  effect  of  this  bandlimiting  is  to  intro- 
duce correlation  of  this  noise  between  the 
two  samples  at  t2  and  t4>  Taking  this 
correlation  into  account  the  resultant  rms 
noise  after  band  limiting  and  double  sam- 
pling is  given  by  (see  Appendix  A), 
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in  which  's  given  by16 

Tz  - A2  [4kT(|  gm  + {y'f  (II) 


where  A2  ■ 9mRL/(l  + 9mRL),  RL  is  the  load 
resistor  of  the  source  follower  and  gm  is 
the  transconductance  of  the  MOSFET  T2. 

From  Eq.  10  it  can  be  seen  that  either 
decreasing  the  bandwidth  of  the  R1C|  filter 
(increasing  the  band  limiting  of  the  wide 
band  noise  '/j^)  or  decreasing  the  ratio 
(t4~t2/R| C | ), L (increasing  the  correlation 
between  the  two  samples),  will  result  in  a 
decreased  noise  level.  Therefore,  it  would 
appear  desirable  to  Increase  R|C]  while 
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decreasing  the  time  between  the  clamp  and 
sample  pulses.  However,  as  the  time  con- 
stant R] C | of  the  filter  is  increased  the 
voltage  swing  which  represents  the  signal 
is  attenuated  by  the  factor,  j |_e» (t4-t3)^ ] 

To  maximize  this  factor  the  largest  possible 
amount  of  time  should  be  given  for  the  signal 
transient  to  occur.  Therefore,  the  sample  at  L4 
should  occur  just  before  the  following  pre- 
set occurs  at  tg(see  Figure  5). 

Another  consideration  which  also  limits 
the  maximum  size  of  R|Cj  is  that  a fraction 
e-(t2-tl)/RC  of  the  preset  noise,  ng,  will 
remain  after  the  clamp  has  occurred  because 
of  the  correlation  effects  introduced  by 
the  bandl imi t i ng ,14  This  fraction  can  be 
decreased  by  minimizing  the  width  of  the 
preset  pulse  (ti  » t0)  and  by  clamping 
(i.e.,  the  sample  at  t2)  just  before  the 
signal  is  transfered  at  t3-  Therefore, 
the  tradeoff  involved  in  choosing  the  band- 
width of  the  low  pass  filter;  R]C|,  is  that 
the  wide  band  noise  of  T2  should  be  band- 
limited  to  as  low  a frequency  as  possible 
which  implies  a long  time  constant;  however, 
this  long  time  constant  attenuates  the  sig- 
nal swing  as  well  as  decreases  the  preset 
noise  suppression. 


A suitable  compromise  of  the  above 
considerations  i s to  allow  three  to  four  time 
constants  (R]C|)  between  the  preset  and 
clamp  pulses  as  well  as  between  signal  trans- 
fer and  the  sample  pulse.  The  optimum 
timing  subject  to  this  constraint  is  given  by 


*1  * <0  Tc 


t2't0slt3'to” 


tc 

2 


(12) 

(13) 


‘4  - 


‘0“  Tc 


(14) 


and  to  obtain  four  time  constants  for  the 
above  mentioned  intervals  the  low  pass  fil- 
ter should  have  a bandwidth,  f,  = l/2itR]C|, 
given  by 
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From  Equation  14  it  is  found  that  with 
this  band  limiting  and  timing  sequence  that 
the  effect  of  CDS  on  the  noise,  Vjj,  (Eq.  ") 
generated  in  T2  is  to  increase  the  rms  level 
by  a factor  of  A over  the  noise  level  which 
would  be  obtained  without  CDS.  This  increase 


In  noise  is  due  to  the  lack  of  correlation 
which  exists  between  the  clamp  and  sample 
pulse  because  the  band  limiting  (which  has 
been  optimized  taking  this  effect  Into 
account) is  too  wide  to  provide  correlation 
between  the  two  samples.  The  effect  is  simi- 
lar to  that  discussed  In  Section  VI  in 
which  the  preset  noise  could  also  be  In- 
creased by  a factor  of  /2. 

Evaluating  Eq.  10  for  the  rms  noise 
due  to  the  thermal  noise  of  T2  at  a clock 
rate  of  500  kHz,  including  processing  by 
the  CDS  circuit  (with  timing  and  bandl imi ting 
given  in  Eqs.  11-14)  yields  a rms  noise  level  of 
ng  « 21  e",  which  as  pointed  out  previously 
is  the  largest  noise  source  in  the  output 
ampl  ifier. 

OUTPUT  AMPLIFIER  NOISE  MEASUREMENTS 

Evaluating  Eqs.  8,  9 and  10  and  summing 
the  results  (in  quadrature)  results  in  a 
total  expected  output  amplifier  noise  level 
of  25  e".  In  the  lower  curve  in  Figure  7 
the  measured  output  amplifier  noise  is 
shown  for  a CCD  which  is  being  clocked  in 
reverse  so  that  all  dark  current  will  be 
clocked  out  the  input  which  isolates  the 
noise  due  to  the  output  circuit.  The 
measured  value  of  27  e“  agrees  very  well  with 
the  expected  value.  At  low  frequencies  the 
noise  is  seen  to  increase  and  this  is  due 
to  1/f  noise  of  the  off  chip  M0SFETS  T4 
and  Tg  as  discussed  earlier  in  this  section. 

The  simplest  method  to  decrease  the  noise 
level  of  the  output  amplifier  is  to  decrease 
the  capacitance,  C0,  of  the  output  node. 

This  procedure  linearly  increases  the 
responsivity  of  the  output  without  increasing 
the  noise  voltage  of  any  of  the  sources 
which  have  been  considered.  Since  the 
noise  is  referred  to  the  CCD  channel  the 
equivalent  number  of  noise  electrons,  therefore, 
decreases  linearly  with  this  capacitance. 

It  is  expected  an  overall  noise  level  of 
10  e~  could  be  achieved  with  a design  of 
the  output  node  which  minimizes  CQ. 

VII.  DARK  CURRENT  NOISE 

In  the  last  section  the  noise  which 
was  analyzed  was  the  observed  noise  when 
the  device  was  clocked  in  reverse.  In  this 
section  will  be  discussed  the  origin  of 
the  additional  noise  which  is  measured  when 
the  device  is  clocked  normally.  There  is, 
however,  not  yet  any  intentionally  intro- 
duced signal  charge. 
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Since  a CCD  (buried  or  surface  channel) 
is  operated  in  deep  depletion  there  exists 
a thermal  generation  of  carriers  which  Is 
attempt! n^to  re-establish  an  equilibrium 
condition.  The  electrons  generated  In 
this  way  are  collected  In  the  buried  channel 
along  with  the  signal  charge.  The  variation 
in  the  amount  of  electrons  generated  and 
subsequently  collected  Is  characterized 
by  shot  noise,  l.e.,  the  number  of  rms 
noise  electrons  Is  the  square  root  of  the 
mean  value  of  the  collected  electrons.  For 
a dark  current  level  of  Jo(amp/cm2)  the 
number  of  rms  noise  electrons,  njD  is  given 
by 


where  Aj  Is  the  area  of  single  stage  (four 
gates  for  a four  phase  device)  and  M is 
the  number  of  stages. 

In  the  upper  curve  of  Figure  7 the 
measured  noise  Is  shown  for  a device  which 
is  clocked  normally  but  the  input  is  biased 
so  that  there  Is  no  electrical  Introduction 
of  signal  charge.  The  increase  in  noise  from 
the  lower  curve  which  is  being  clocked  in 
reverse  is  due  to  dark  current.  If  these 
two  curves  are  subtracted  In  quadrature  a 
noise  level  of  21  e"  is  determined  which  is 
due  to  dark  current  and  is  in  good  agree- 
ment with  the  value  obtained  from  Eq.  16. 

In  general  the  dark  current  was  found 
to  be  characterized  by  shot  noise  as  was 
the  case  for  the  device  in  Figure  7,  how- 
ever, for  devices  in  which  localized 
avalanching  was  occuring  (spikes)  the  noise 
was  sometimes  in  excess  of  shot  noise. 

VIII.  INPUT  NOISE 

In  sections  VI  and  VII  the  noise  was 
determined  for  a CCD  which  is  operated 
without  intentionally  introduced  signal 
charge.  This  section  and  the  next  on 
bulk  trapping  noise  will  investigate 
those  noise  sources  which  are  only 
present  when  there  Is  signal  charge 
being  introduced.  In  order  to  separate 
the  two  components  of  this  noise  it 
is  necessary  to  make  use  of  their 
characteristic  spectral  distributions. 

In  Figure  8 the  measured  spectral  density 
for  device  A In  units  of  equivalent  rms 


electrons  squared  (noise  power)  is  plotted 
for  the  signal  dependent  noise. 

This  noise  can  be  separated  into  a white 
noise  component  which  Is  due  to  the  electrical 
input  of  the  signet  charge  and  a part  which 
has  a (I  - cos2nf/fc)  frequency  dependence. 
This  is  the  dependence  to  be  expected  for 
bulk  state  trapping13  and  will  be  Investi- 
gated further  In  Section  IX.  From  Figure  7 
it  is  obvious  that  in  order  to  separate 
out  the  Input  noise  contribution  it  is  only 
necessar,  to  measure  the  spectral  density  at 
low  frequency,  where  the  trapping  noise  is 
suppressed.  All  the  measurements  presented 
in  this  section  were  made  using  this  tech- 
nique. 

The  method  of  introducing  the  input 
signal  which  was  used  was  based  on  a low 
noise  scheme  which  was  developed  indepen- 
dently at  Bell  Labs,3  Texas  Instruments,3 
and  RCA.4  This  approach  which  will  be 
called  the  "fill  and  spill"  method  involves 
application  of  the  signal  to  an  input  gate 
(see  Figure  9).  The  diode  voltage  Is 
Initially  set  so  that  there  is  no  chaige 
Introduction  into  the  channel.  The  input 
diode  is  then  pulsed  so  that  a full  well 
of  charge  is  Introduced  into  the  first 
CCD  well.  The  diode  voltage  is  then  restored 
to  its  initial  level  and  the  capacitance 
associated  with  the  receiving  well  is  then 
discharged  to  a voltage  level  set  by  the 
signal  on  the  input  gate.  At  the  termina- 
tion of  this  process,  charge  stored  in  the 
plnched-off  transfer  channel,  under  the 
input  gate  is  minimal, -and  uncertainties 
associated  with  its  removal  path  are  small. 

The  amount  of  charge  introduced  is  the 
difference  between  the  input  and  the  clock 
voltages  times  the  capacitance  of  the 
receiving  well,  Cjn.  Analyses  predict  that 
the  number  of  rms  noise  electrons,  njn 
which  are  introduced  into  the  signal  packet 
using  this  Input  technique  is  given  by 

"ln“i  («kTCin>*  ’ <,7> 

In  which  a is  on  the  order  of  one18 
In  order  to  reduce  the  input  noise 
it  is  only  necessary  to  reduce  the 
size  of  the  input  capacitance,  Cin* 

This  was  done  by  constricting  the 
channel  stop  under  the  first  0j  well 
so  that  the  channel  width  was  only 
12  urn  wide  as  shown  in  Figure  10. 

Since  the  operation  of  a buried  channel 
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transistor  In  the  regime  near  cutoff 
not  well  understood,  a wl H be  treated 
as  a parameter  and  its  value  will  be  deter- 
mined by  fitting  the  data. 

In  the  usual  analysis  the  capacitance, 
Cfn,  is  assumed  to  be  a constant  value. 
Independent  of  signal  size.  For  a buried 
channel  Input,  however,  as  the  signal  size 
decreases  the  input  capacitance  decreases. 
There  are  two  effects  which  cause  this 
decrease.  In  Figure  2 the  distribution  of 
the  signal  charge  is  shown  into  the  silicon 
and  as  discussed  in  section  II,  the  distance 
from  the  gate  to  the  signal  packet  increases 
with  decreasing  signal,  thus  decreasing  the 
capacitance.  The  second  effect  which  de- 
creases the  effective  capacitance  for  small 
signals  is  that  the  area  that  the  signal 
charge  occupies  decreases  since  a small 
value  of  signal  charge  will  not  cover  the 
entire  region  under  the  gate.  The  signal 
packet  contracts  toward  the  potential  mini- 
mum which  lies  at  the  center  of  the  gate.1* 

To  experimentally  determine  the  actual 
capacitance  of  the  input  node,  a small 
change  in  voltage,  AV,  was  made  on  the  in- 
put gate,  which  was  biased  at  a voltage 
corresponding  to  an  input  of  NS|G  electrons, 
and  the  corresponding  change  in  charge  level. 
All,  was  monitored  at  the  output.  The  capaci- 
tance, Cjn  (Njiq),  was  then  calculated  from 
the  expression 

Cin  (NSIG)  -6AV  * 

The  factor  0 takes  into  account  the  imperfect 
modulation  of  the  buried  channel  potential 
by  the  gate  above  it.  For  the  devices  tested 
the  measured  value  of  0 was  experimentally 
determined  to  range  from  0.8  to  0.9.  A 
typical  result  of  this  measurement  is  that 
the  input  capacitance  varies  from  0.004  pF 
for  an  input  signal  level  of  2.5  x I01*  e" 
to  0.013  pF  at  6 x 105  e".  The  input  noise 
would,  therefore,  be  expected  to  increase 
by  a factor  of  1.8  over  this  signal  range. 

In  Figure  II  the  measured  value  of 
input  noise  for  device  B is 
compared  to  the  calculated  value  obtained 
using  the  capacitance  values  determined 
using  Eq.  18  and  an  excellent  fit  to  the 
data  results  for  a » 1.1  In  Eq.  17. 

A very  important  point  to  note  In  this 
figure  is  the  extremely  low  noise  levels 
that  were  obtained  for  very  small  signals. 
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For  example  only  10  noise  electrons  were 
introduced  for  the  signal  level  of 
6.2  x I 03  e".  The  rapid  decrease  in  noise 
for  very  small  signals  (<  10’  e)  is  due  to 
the  decrease  in  area  occupied  by  the  signal 
charge.  It  is  therefore,  possible  to  inject 
very  low  noise  bias  charge  levels  (slim 
zeros).  These  bias  charge  levels  are  nec- 
essary to  obtain  optimum  performance  with 
burled  channel  devices. 

At  higher  signal  levels  the  noise 
increases  to  approximately  50  noise  elec- 
trons, this  is  still  a very  low  level 
(about  5 times  lower  than  any  previous 
reported  results)  and  verifies  the  expected 
low  noise  characteristics  of  the  input 
structure  shown  In  Figure  10. 

There  are  some  special  characteristics 
of  this  structure,  however,  which  may  limit 
its  usefulness  in  certain  applications  that 
are  more  demanding  than  noise  measurements. 

Due  to  the  dependence  of  the  input  capaci- 
tance on  signal  level,  the  input  has  a 
rather  non-linear  relationship  between 
charge  and  voltage.  A second  difficulty 
is  that  because  of  the  restricted  size  of 
the  first  CCD  well  it  would  require  large 
voltages  on  the  input  and  the  first  CC0 
gate  in  order  to  introduce  a full  well  of 
signal  charge. 

VI.  BULK.  STATE  TRAPPING 

The  extremely  low  noise  levels  which 
were  obtained  for  the  other  three  CCD  noise 
sources  has  made  possible  extensive  charac- 
terization of  noise  due  to  bulk  state  trap- 
ping. The  spectral  density  of  the  trapping 
noise  was  measured,  as  was  its  dependence 
on  clock  frequency  and  signal  level. 

The  trapping  of  signal  charge  in  bulk 
states  affects  the  transfer  efficiency  and 
noise  of  buried  channel  devices  in  a manner 
similar  to  the  way  surface  states  determine 
the  noise  and  transfer  efficiency  of  sur- 
face channel  devices.  A thorough  discussion 
of  these  effects  has  been  presented, B,9,1“ 
and  only  the  points  relating  to  the  measure- 
ments to  be  presented  will  be  reviewed  in 
the  next  section.  Following  this  review 
the  results  of  spectral  density  measurements 
will  be  presented  as  a function  of  signal 
size  and  clock  rate.  In  order  to  obtain 
the  density  and  emission  times  of  the  bulk 
traps  which  are  contributing  to  the  noise 
the  double  pulse  measurements  of  the  loss 
will  be  presented.  The  double  pulse  technique 


Jm 


339 


will  then  be  extended  to  noise  measurements 
and  the  emission  times  and  densities 
obtained  from  these  measurements  will  be 
compared  with  the  results  of  the  loss  measure- 
ments. 

REVIEW  OF  EFFECTS  OF  BULK  STATE  TRAPPING 


In  the  latter  part  of  this  section  both 
the  loss,  N^|ss  and  the  noise  njjf-i^  will  be 
measured  as  a function  of  N_.  From  these 
measurements  the  density  and  emission  times 
of  the  bulk  states  which  are  present  in 
the  buried  channel  will  be  determined  by 
fitting  the  data  to  Eqs.  19  and  20. 


The  effect  of  impurities  in  the  bulk 
silicon  is  to  introduce  trapping  levels, 
which  can  be  characterized  by  a single 
emission  time.  When  a sufficiently  large 
charge  packet  comes  into  contact  with  these 
traps  they  are  rapidly  filled.  This  fill 
time  is  strongly  dependent  on  signal  size, 
but  except  for  very  small  signals  it  is 
extremely  fast  compared  to  standard  clock 
rates  (<  10  MHz).  As  the  charge  packet  is 
transferred  to  the  next  electrode,  these 
traps  will  emit  a portion  of  the  trapped 
signal  charge  and  this  reemitted  charge  will 
transfer  along  with  the  signal  packet.  How- 
ever, after  a transfer  time  T*,  additional 
emitted  charge  will  reside  in  trailing 
charge  packets,  which  results  in  charge 
loss  from  the  initial  packet.  To  determine 
the  net  amount  of  charge  that  is  lost  from 
a signal  packet,  it  is  necessary  to  know 
the  initial  occupancy  of  the  traps. 


A simple  case  in  which  this  occupancy 
can  easily  be  determined  is  the  case  of  a 
train  of  signal  packets  ("ones")  which  are 
followed  by  a series  of  N empty  packets 
("zeros").  The  loss  per  transfer  due  to 
bulk  trapping  in  the  first  "one"  after  Nz 
zeros  is® 

-T. 


NN*  = 
loss 


vs,GINi  * Ti  ['  * 


-NzVTr 


(19) 

where  V is  the  volume  that  the  signal 
charge  line  ones)  occupy,  Nj  is  the  density 
of  the  ith  bulk  trap  which  is  characterized 
by  an  emission  time  Tj,  Tc  is  the  clock 
period  and  M is  the  number  of  transfers. 

The  rms  noise,  ngJ-j..  > introduced  into 
the  first  one  after  Nz  zeros  is5 

n 2 v r "Tt/Ti  "Tt/x| 
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Inspection  of  Eq.  19  and  20  indicates 
that  knowing  the  transfer  time  Tt  is  very 
critical  to  interpretation  of  any  data 
which  is  fit  to  these  equations.  However, 
the  transfer  time,  Tt,  is  a somewhat  diffi- 
cult parameter  to  determine,  since  it 
depends  strongly  on  the  clock  waveform  used 
to  drive  the  device  and  the  dynamics  of 
charge  transfer.  A simplified  model  to 
determine  the  dependence  of  the  transfer 
time  on  clock  waveform  is  outlined  in 
Figure  12.  In  curve  A of  this  figure  the 
channel  potential  is  shown  with  signal 
charge  being  stored  under  the  0]  well.  The 
bulk  states  will  therefore  be  completely 
filled  under  this  electrode.  In  curve  B 
the  signal  packet  has  transferred  to  02  and 
the  charge  emitted  from  the  bulk  states 
under  0|  are  swept  into  the  adjacent  02  well. 
This  is  the  beginning  of  the  transfer  time 
interval.  In  curve  C the  signal  packet  has 
transferred  to  0j,  and  the  emitted  charge 
is  now  sufficiently  removed  from  the  initial 
charge  packet  so  that  there  is  an  equal 
probability  for  the  signal  charge  to  transfer 
along  with  the  signal  packet  or  to  transfer 
into  the  following  packet  and  this  will  be 
considered  the  end  of  the  transfer  time 
interval.  Using  this  model  the  transfer 
time,  Tt,  for  a four-phase  device  as  a func- 
tion of  fractional  overlap  of  adjacent  clock 
phases  is  found  to  be 

Tt  - (-375  - Y/2)  Tc  (21) 

Since  the  overlap  can  vary  from  almost  0 to 
3/4  • wide  range  of  transfer  times  are  possi- 
ble for  a single  clock  rate.  This  is  in 
contrast  to  the  usual  assumption  for  T^ 
which  is  that  Tt  » Tc/p  where  p is  the  number 
of  clock  phases.6’11  From  Eq.  16  and  23 
it  can  be  seen  that  the  noise  which  is 
contributed  by  a given  species  of  bulk  trap 
can  be  varied  substantially  by  simply  vary- 
ing the  clock  overlap,  therefore  care  must 
be  taken  to  keep  the  overlap  constant  in 
order  to  obtain  consistent  data  especially 
in  comparing  data  at  different  clock  rates. 

The  noise  due  to  bulk  trapping  has 
several  distinctive  characteristics  which 
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make  It  simple  to  separate  from  the  other 
CCO  noise  sources.  Besides  the  dependence 
on  the  occurrence  of  signal  charge  (given 
by  Eq.  20  for  a simplified  case)  it  also 
depends  on  the  signal  size.  As  the  signal 
charge  increases  in  size,  the  volume  it 
occupies,  and  thus  the  number  of  bulk  states 
it  interacts  with  also  increase.  This  is 
shown  in  Figure  2 in  which  the  volume  is 
seen  to  increase  from  a 500  A wide  layer 
for  a small  signal  to  a 1500  A wide  layer 
for  a large  signal.  Figure  2 is  a one- 
dimensional plot  and  therefore  does  not 
include  the  contraction  of  the  signal  pac- 
ket to  an  area  that  is  less  than  the  size 
of  the  gate.  These  edge  effects  will  be 
found  to  be  important  for  very  small  signals 
and  thus  the  volume  (and  therefore  the  noise) 
Is  found  to  decrease  substantially  at  low 
signal  levels. 

The  most  unambiguous  characteristic 
of  bulk  state  trapping  is  the  dependence 
of  the  spectral  density  on  f-equency  and 
for  the  case  of  a continuous  input  signal 
the  spectral  density  has  been  calculated 
by  Thornber  and  Thompsett.12  Their  calcu- 
lation has  shown  that  because  of  the  corre- 
lation which  exists  between  noise  in  adjacent 
charge  packets  (a  deficit  in  one  packet 
results  in  excess  in  the  adjacent  packet) 
the  spectral  density  has  a distribution 
nB.T. (f)»  in  units  of  equivalent  rms  noise 
electrons  (see  Section  III),  given  by 

(V,(f>)l<VT>2("Cos^  <»> 

where  n9  T is  calculated  by  setting  Nz  = 0 
in  Eq.  z6.‘  This  dependence  was  already 
exploited  in  the  measurement  of  the  input 
noise  (see  Section  VIII)  and  will  be  used 
in  the  next  part  to  provide  unambiguous 
identification  of  the  bulk  state  trapping 
noise.  Therefore,  it  will  be  possible  to 
obtain  experimental  verification  of  the 
above  theoretical  expressions  and  it  will 
be  found  that  satisfactory  agreement  was 
obtained  in  all  cases.  The  first  set  of 
measurements  to  be  described  will  be  spec- 
tral measurements  for  varying  signal  levels 
and  these  will  be  followed  by  a series  of 
rms  voltage  measurements  in  which  the 
dominant  bulk  traps  are  identified. 

SPECTRAL  DENSITY  MEASUREMENTS 

The  purpose  of  these  measurements  was 
to  verify  the  spectral  dependence  predicted 


by  Eqn.  22.  In  Figure  8 the  noise  power  has 
been  separated  into  two  components.  The 
dashed  line  represents  the  contribution  of 
the  input  noise  which  was  discussed  in 
Section  VIII,  and  added  to  this  (since  noise 
power  is  being  summed  it  is.  a linear  addition) 
is  the  noise  due  to  bulk  state  trapping. 

The  solid  line  is  a fit  to  the  trapping 
component  of  the  noise  by  the  expression 
for  ng.T.  (f)  given  in  Eq.  22  in  which  Ng.-j-, 
was  used  as  a curve  fitting  parameter. 

The  fit  is  found  to  be  excellent  for  a value 
of  n8.T.  " 52  e".  If  only  one  type  of  bulk 
state  is  contributing  to  this  noise  and  if 
it  is  assumed  that  this  bulk  state  has  an 
emission  time  of  0.7  usee  (so  that  the  peak 
in  the  noise  occurs  at  a 500  kHz  clock  rate), 
then  a trap  density  of  I x 10H  cm*3  is 
required  to  obtain  the  measured  noise  level. 
Measurements  as  a function  of  clock  rate, 
given  later  in  this  section,  indicate  there 
is  a peak  in  the  noise  near  500  kHz  so  that 
the  assumption  of  a 0.7  usee  trap  emission 
time  appears  valid.  It  should  be  noted 
that  the  use  of  double  pulse  measurements 
discussed  at  the  beginning  of  this  section 
are  a more  accurate  way  to  obtain  the  bulk 
state  density5  but  it  would  require  a high 
clock  rate  (>  5 MHz)  to  observe  this  .7  usee 
level . 

As  discussed  previously,  as  the  size 
of  the  signal  charge  increases  then  the 
noise  should  increase.  Figure  13  shows 
the  spectral  density  of  the  bulk  state 
trapping  noise  for  signal  levels  from 
1870  e'  up  to  7.5  x 105  e".  As  expected 
as  the  signal  charge  is  increased,  the 
amount  of  bulk  state  trapping  noise,  also 
increases.  For  each  signal  level  the 
characteristic  (1  -cos  2nf/fc)  spectral 
dependence  is  clearly  observed.  It  is 
interesting  to  note  that  for  the 
signal  level  of  6250  e"  the  rms  number  of 
noise  electrons  was  42  e",  whereas  for 
the  even  lower  level  of  1870  e"  the  rms 
number  of  noise  electrons  is  only  16  e". 

For  this  range  of  input  signal  the  number 
of  noise  electrons  is  decreasing  almost 
proportionally  with  the  signal  level.  This 
is  due  to  the  contraction  of  the  charge 
packet  to  a reduced  area  in  the  center  of 
the  electrode.  This  result  is  significant 
for  very  low  light-level  imaging  where  it 
is  important  that  trapping  noise  not  degrade 
small  signals. 

A more  direct  plot  of  the  bulk  state 
trapping  noise  as  a function  of  signal  level 
is  given  in  Figure  14  for  three  different 
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devices.  In  this  figure  the  rms  noise 
power  Is  plotted  es  a function  of  signal 
level  and  Is  determined  by  integration  of 
noise  power  curves  like  those  In  Figure  13 
using  Eq.  5*  The  noise  is  seen  to  rise 
rapidly  at  small  signal  levels  (an  increasing 
area  of  the  electrode  is  being  filled  with 
signal)  and  then  to  rise  slowly  with  further 
increases  in  signal  size  as  the  charge 
packet  Increases  its  volume  by  spreading 
toward  the  surface  is  shown  In  Figure  2. 

Even  though  all  three  of  these  devices  were 
processed  at  the  same  time  (in  fact  A and  C 
were  on  the  same  slice),  the  bulk  state 
trapping  noise  at  Njiq  • ) x 10^  e*  is  quite 
variable  ranging  from  34  e"  for  device  B 
to  55  e"  for  device  D. 

An  important  characteristic  of  bulk 
state  trapping  is  its  dependence  on  clock 
rate.  Figure  15  shows  a plot  of  the  rms 
number  of  noise  electrons  for  two  devices, 
and  the  clock  frequency  dependence  of  the 
noise  is  readily  observable.  However, 
since  there  are  no  w-ll-defined  peaks  and 
nulls  in  the  noise,  it  difficult  to 
determine  from  this  figure  the  individual 
emission  times  and  densities  of  the  bulk 
states  that  are  giving  rise  to  the  noise. 

In  fact,  it  seems  likely  that  there  are 
several  states  of  varying  densities  and  , 
emission  times  which,  when  added  together, 
result  in  the  relatively  smooth  clock  rate 
dependence  seen  in  Figure  15*  One  aspect 
of  this  figure  that  can  be  commented  on 
is  the  increase  in  noise  of  device  A as 
the  clock  rate  is  decreased  to  50  kHz. 

From  double  pulse  measurements  to  be 
described  in  the  next  section  identifies 
a bulk  trap  which  has  a 12  iisec  emission 
time.  From  these  measurements  it  is 
predicted  that  this  trap  should  yield  a 
peak  noise  of  55  e"  at  a 45  kHz  clock 
rate,  which  is  consistent  with  the  data 
presented  here  in  Figure  16. 

Figures  12  through  16  show  data  from 
only  a few  devices,  but  these  results  are 
typical  of  the  much  broader  sampling  that 
was  measured.  For  a signal  input  of  5 x 
105  e*  at  a clock  rate  of  500  kHz  the  bulk 
trapping  noise  for  10  devices  was  found  to 
range  from  a low  of  37  e"  to  a high  of  96  e". 

From  spectral  density  measurements 
it  is  possible  to  unambiguously  identify 
how  much  noise  is  due  to  bulk  state  trap- 
ping but  it  is  difficult  to  extract  informa- 
tion about  which  bulk  traps  are  contributing 


to  the  noise.  In  the  next  section  a differ- 
ent type  of  measurement  will  be  described 
which  measures  the  emission  times  and  den- 
sities of  these  traps. 

DOUBLE  PULSE  MEASUREMENTS  OF  LOSS 

Equation  19  suggests  a very  simple 
measurement  to  determine  the  emission  rates 
of  the  bulk  traps^which  Is  analoguous  to 
the  double  pulse  measurements  first  per- 
formed on  surface  channel  devices  by  Carnes 
and  Kosonocky.11  The  experiment  proceeds 
by  measuring  the  loss  in  the  leading  edge 
of  a series  of  ones  as  a function  of  the 
number  of  zeros  between  sets  of  ones.  If 
this  is  plotted  on  semi -log  paper,  using 
Eq.  19,  emission  times  of  the  bulk  traps 
can  easily  be  identified. 

In  conducting  these  measurements  on 
buried  channel  devices,  a refined  technique 
was  developed.  Reference  to  Figure  16(a) 
indicates  the  difficulty  in  accurately 
quantizing  the  transfer  inefficiency  of  a 
very  low- loss  CCD  shift  register.  It  Is 
unrealistic  to  expect  accurate  visual 
estimation  of  the  leading  edge  loss  or 
trailing  edge  residue.  It  is  difficult  to 
amplify  this  waveform  and  investigate  the 
differences  in  the  leading  or  trailing 
pulses  without  exceeding  the  dynamic  range 
of  the  preamplifier  or  oscilloscope.  With- 
out an  improved  technique,  the  device  in  Fig. 
16a  would  be  described  as  having  a charge 
transfer  efficiency  of  about  0.99999.  The 
improved  procedure  involves  sequentially 
sampl ing-and-holdlng  the  CCD  output  result- 
ing from  the  first  and  second  packets  in 
the  pulse  train.  Since  for  a small  amount 
of  loss  from  the  first  packet,  the  sample- 
and-hold  output  is  a dc  level  corresponding 
to  the  pulse-train  level  with  a slight 
perturbation  due  to  the  difference  in  the 
first  two  pulse  amplitudes,  it  is  possible 
to  ac-couple  and  amplify  this  difference 
without  dynamic  range  problems.  The  re- 
sulting waveform  is  shown  in  Figure  16(b). 
The  transition  from  the  first  pulse  level 
to  the  second  is  clearly  10  mV.  Since 
for  devices  with  very  small  loss,  the  loss 
is  confined  to  the  first  packet,  the  trans- 
fer efficiency  can  be  calculated  from  this 
figure  and  is  found  to  be  .999992. 

Figure  17  shows  curves  for  two 
devices  which  give  very  close  agreement 
with  Eq.  19-  The  data  are  plotted  as  a 
function  of  time  between  pulse  trains 
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instead  of  the  number  of  zeros  to  facilitate 
the  extraction  of  information  about  the 
emission  time  of  the  bulk  states.  The  loss 
is  expressed  as  a fraction  of  the  signal 
packet  lost  out  of  the  first  one  after  Nz 
zeros.  The  solid  lines  in  this  figure  are 
calculated  curves  using  the  expression 
given  in  Eq.  19.  A summary  of  the  results 
obtained  from  this  measurement  is  given  In 
Table  I.  The  bulk  state  densities  given 
in  this  table  were  calculated  using  a 
charge  packet  volume  of  2 x 10*'°  cm“3, 
(which  is  obtained  from  a potential  profile 
calculation)  for  devices  A and  B.  The 
signal  packet  size  used  in  the  measurement 
was  7 x 105  e*  for  both  devices. 


function  of  NZTC  is  shown  and  as  expected  the 
noise  exhibits  peaks  near  12  usee  and  900  usee. 
In  addition,  another  peak  is  seen  to  appear 
which  corresponds  to  an  emission  time  of 
20  ms  which  was  out  of  the  range  of  the  loss 
measurements.  In  this  Figure  only  the  noise 
dependent  on  Nz  is  plotted.  An  ex- 

pression for  r\£  can  be  derived  from  Eq.  20 
by  only  keeping  the  terms  dependent  on  Nz; 
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For  device  A there  were  two  bulk 
states  which  contributed  to  the  loss;  one 
with  emission  time  of  900  usee  and  the 
other  with  a 12  usee  emission  time.  Device 
B only  exhibited  trapping  by  the  bulk 
state  with  a 900  usee  emission  time. 
Measurements  of  thermally  stimulated  capaci- 
tance3®iave  shown  that  gold  has  an  emission 
time  of  900  usee  and  on  this  basis  the  900 
usee  bulk  state  observed  in  these  CCDs  is 
identified  as  resulting  from  gold  impurities. 
Further  evidence  for  this  identification  is 
provided  by  Collett19  who  made  variable 
temperature  measurements  on  a buried  channel 
M0SFET  and  determined  that  the  bulk  state 
which  had  a 900  usee  lifetime  was  located 
~ .5**  eV  from  the  band  edge  which  is  the 
location  of  one  of  the  gold  trap  energy 
levels. 

The  Impurity  which  has  a 12  usee 
emission  time  that  was  observed  in  device  A 
has  not  been  identified. 

DOUBLE  PULSE  MEASUREMENTS  OF  NOISE 

From  the  double  pulse  measurements  of 
loss  several  bulk  states  were  identified. 

If  a similar  double  pulse  measurement  is 
made  but  instead  of  measuring  loss  in  the 
first  "one"  after  N2  "zeros",  the  rms  noise 
is  measured,  a peak  in  the  noise  should 
occur  when  the  time  between  the  ones,  NZTC, 
is  approximately  equal  to  the  emission  time 
of  these  bulk  states  (Eq.  20).  For  example, 
for  device  A there  should  be  a peak  in  the 
noise  near  12  u?ec  and  900  usee.  In  Figure 
18  the  measured  noise  of  device  A as  a 


The  solid  lines  in  Figure  18  are  a fit  to 
the  data  using  this  expression  in  which 
the  bulk  state  densities  N;  are  treated  as  a 
curve  fitting  parameter.  The  same  emission 
times  that  were  used  to  fit  the  data  in  the 
double  pulse  loss  measurements  in  (Figure  17) 
were  used  in  fitting  this  data. 

The  bulk  densities  determined  to  be  a 
best  fit  are  2.0  x 1 0 1 1 cm'3  for  the  bulk 
state  with  the  12  usee  emission  time  and 
2.4  x 10"  cm'3  for  the  bulk  states  with 
the  900  usee  and  20  msec  emission  times. 

These  values  compare  favorably  with  those 
obtained  by  the  loss  measurements  which 
are  given  in  table  l for  device  A. 

The  two  sets  of  data,  shown  as  triangles 
and  dots  in  Figure  18  correspond  to  two 
separate  sets  of  measurements.  The  varia- 
tion in  these  two  sets  of  data  gives  an 
indication  of  the  reproducibility  of  the 
measurement. 

X.  CONCLUSIONS 

Noise  measurements  were  made  on  a 
linear  150  stage  buried  channel  CCD.  The 
total  device  noise  was  found  to  be  composed 
of  four  components;  the  electrical  Inser- 
tion of  signal  charge,  bulk  state  trapping, 
dark  current  noise,  and  the  output  amplifier. 
We  did  not  observe  any  of  the  extraneous 
excess  noise  sources  such  as  pulser  noise 
and  abnormally  high  input  noise  which  have 
been  observed  by  previous  authors. 13,30 


In  making  these  measurements  the 
concept  of  correlated  double  sampling1  was 
used  in  an  output  amplifier  which  had  a 
noise  level  which  was  equivalent  to  less 
than  30  noise  electrons.  The  dominant 
noise  sources  in  this  amplifier  were 
discussed. 


in  which  uuc  is  the  3 dB  point  of  the  RC 
filter 


“c  RC  3 
Evaluating  the  integral  of  Eq.  (A-l),  the 
following  result  Is  obtained: 


A low  noise  input  structure3’3’4  for 
electrical  insertion  of  signal  charge  was 
used  which  introduced  a signal  which  had  a 
noise  level  which  ranged  from  10  to  60  e”. 

The  extremely  low  noise  levels  which 
were  obtained  at  the  input  and  output  made 
possible  direct  measurement  of  the  noise 
due  to  bulk  state  trapping.  In  fact,  even 
for  very  high  quality  devices  (transfer 
efficiency  > .99999)  because  of  the  advances 
made  in  reducing  the  input  and  output  noise, 
it  was  possible  to  observe  the  noise  due  to 
bulk  states.  The  spectral  density  of  the 
bulk  state  noise  was  presented  as  a func- 
tion of  frequency  and  signal  level  and 
was  found  to  be  in  good  agreement  with  the 
theoretical  modeling  for  trapping  noise. 

APPENDIX  A 

ANALYSIS  OF  NOISE  TRANSFER  FUNCTION  OF 
CORRELATED  DOUBLE  SAMPLING  FOR  BANDLIMITED 
WHITE  NOISE 

In  this  appendix  the  effect  of  the 
correlated  double  sampling  on  a band-limited 
white  noise  source,  V , will  be  derived. 

The  band-limiting  wilT  be  assumed  to  be 
performed  by  an  RC  single-pole  low-pass 
filter.  If  thermal  noise  in  resistor  R of 
this  filter  is  non-negl igible,  it  may  be 
treated  as  all  or  part  of  Vn. 

First,  the  autocorrelation  function, 
R(t),  of  the  band-limited  noise  must  be 
derived.  This  can  be  found  by  taking  the 
Fourier  transform  of  the  single-sided 
noise  power  spectrum  [vn2  H2 (up) ] , 

R(t)  » ~ J*  eJlUt  Vn2  H2 (uj) duj  (A-l) 

o 

where  H^(uu)  Is  the  transfer  function  of 
the  low  pass  f i Iter, 


R(t)  • v/  B e 
n 


where  B is  the  noise  bandwidth  of  a single- 
pole  RC  filter 


The  rms  output  voltage  of  the  CDS, 

Vcos»  's  The  difference  in  the  input  voltage 
level,  V(t),  at  two  points  in  time  separated 
by  a time  interval  At,  which  is  given  by13 


VCDS\,im  f f [V(t)1  dt 

T co  0 


- 1 im  ■=  J*  [V(t  + At)]  dt 

T - co  '0 

where  it  has  been  assumed  that  V ( t)  is 
stationary.  Using  the  definition  of  an 
autocorrelation  function 
. T 

R(At)  - lim  ^ J*  V(t)V(t  +At)dt  (A-7) 
T 00  o 

2 

(Vco$)  can  be  rewritten  as 


v‘DS  - 2 [R(o)  - R(At)]  (A-8) 

Substituting  (A-4)  into  (A-8)  the  following 
result  is  obtained: 

VCDS  “ t2Vn2  8(1  ' e'At/RC)]*  (A-9) 


If  this  voltage  level  is  referred  to 
the  CCD  channel  and  then  multiplied  by  the 
CCD  output  capacitance,  the  noise  level  is 
then  converted  into  noise  electrons,  hCQS, 


nCDs“-ir[2B('  -«'At/RC)l  (A-10) 


where  A is  the  amplification  between  the  CCD 
output  and  the  noise  source  vn. 


To  obtain  Eq.  7 the  appropriate  wide 
band  noise,  vn,  to  substitute  into  A-9  is 
the  thermal  noise  of  R<jff,  (4kT  Roff)®, 
which  is  band  limited  by  C0, | resul tl ng  in 
a noise  bandwidth  of  B ■ — — . 


For  Eq.  10  the  wide  band  noise  of 
interest  is  given  by  Eq.  I)  which  Is  band. 

limited  by  the  R,Ci  filter  so  that  n “r — 

1 1 4R|  C| 
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Figure  4.  Schematic  of  the  circuit 
used  to  implement  corre- 
lated double  sampling.1 
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Figure  7.  Output  amplifier  and  dark 
current  noise  of  device  A 


Figure  5.  The  voltage  waveform 
observed  at  point  B 
in  Figure  4. 
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Figure  8.  Measured  spectral  density 
of  noise  power  showing 
peaking  at  high  frequency 
due  to  bulk  state  trapping 
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Figure  6.  Comparison  of  noise 

voltage  for  buried  and 
surface  channel  MOSFETS. 


Figure  9.  Input  structure  for  the 
fill  and  spill  input 
technique.  »3>4 
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0 Denotes  Electrons  Emitted  from  Bulk  States 

A simplified  model  for 
charge  transfer  used  to 
estimate, transfer  time. 


Figure  10.  A photomicrograph  of  the 
low  noise  input  structure 
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The  spectral  density  of 
noise  power  due  to  bulk 
trapping  as  a function 
of  signal  level,  NC1„. 
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Measured  dependence  of  bulk 
trapping  noise  on  input 
charge  level. 
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Figure  15*  Measured  dependence  of 

bulk  state  trapping  noise 
on  CCD  clocking  frequency* 


Ok 

.07 


.05 

.04 


1|0  Ilka  lOtkrt  lm  10 

Tim*  Bitumen  Puli*  Trains 


(a)  2 V/div 


<b)  10  mV/div 


10  psec/div 


Figure  16.  Measurement  of  transfer 
efficiency  for  CCD. 

(a)  Pulse  Train  Response 

(b)  Sample  and  Hold  Output 


Figure  17.  The  double  pulse  measure- 
ments of  loss  due  to  bulk 
state  trapping  with  the 
solid  lines  obtained  by 
fitting  to  Equation  19. 


Figure  18.  The  double  pulse  measure- 
ment of  noise  due  to  bulk 
state  trapping  with  the 
solid  lines  obtained  by 
fitting  to  Equation  20. 
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ABSTRACT.  A measurement  technique  is  described  for  precise  determinations  of  the 
magnitudes  of  the  charges  flowing  in  a CCD  and  their  statistical  distribution  as  a 
function  of  clock  number  and  related  to  changes  induced  on  specific  clocks.  The  method 
involves  the  use  of  charge  sensitive  amplifiers,  sample  and  hold  circuits  and  pulse 
amplitude  analysers  coononly  used  in  nuclear  measurements.  The  advantages  of  off-chip 
amplification  for  quantitative  determinations  and  comparisons  between  devices  are 
demonstrated.  Measurements  on  a few  CCDs  showing  seme  of  the  merits  of  the  technique  are 
included.  Direct  measurements  of  the  charge  injected  electrically  at  the  input  and  the 
noise  associated  with  this  are  also  possible. 


1.  INTRODUCTION 


Determination  of  the  magnitudes  and 
the  times  of  collection  of  pulses  of  charge 
generated  in  radiation  detectors  by  inci- 
dent quanta  is  a common  and  long  estab- 
lished experimental  procedure  in  nuclear 
measurements.  A precision  of  one  part  in 
103  in  pulse  amplitude  and  a small  fraction 


unsuitable  for  many  nuclear  instrumenta- 
tion applications.  It  is  the  purpose  of 
this  paper  to  describe  measurement 
techniques  which  we  believe  will  lead  to 
a better  understanding  of  the  phenomena 
which  limit  their  performance.  The 
results  of  measurements  on  a few  CCDs  will 
also  be  given. 
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of  1 us  in  time  is  routinely  achieved  and 
the  stability  of  the  amplitude  measurements 
is  generally  required  to  be  better  than  one 
part  in  1 Cf*.  The  pulses  of  charge  usually 
contain  between  103  and  10?  carriers  and 
occur  randomly  in  time.  The  detector  is 
electrically  equivalent  to  a capacitor,  and 
signal  amplification  and  noise  in  such 
systems  has  been  extensively  studied'1 >2 
Sophisticated  equipment  for  measuring  pulse 
amplitudes'^  and  advanced  signal  process* 
ing  methods 5 J have  also  been  developed 
for  these  applications. 

Our  interest  in  charge  coupled  devices 
is  centred  round  their  application  in 
signal  processing  and  we  are  using  nuclear 
measurement  techniques  to  study  the  perfor- 
mance of  these  new  devices.  The  linearity 
and  noise  of  CCDs  is  of  the  utmost  import- 
ance in  view  of  the  above  stringent 
requirements.  Inefficient  charge  transfer 
in  a CCD  introduces  a complex  time  varying 
characteristic  which  may  make  these  devices 
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2.  THE  METHOD 
— 

Frequency  domain  analysis  and 
measurements  are  unlikely  to  give  a clear 
indication  of  the  physical  processes  in  a 
CCD  which  essentially  operates  in  the 
time-domain.  One  of  the  main  features  of 
a CCD  is  that  the  clock  need  not  be 
regular  and  signal  processing  applications 
where  the  clocks  are  not  repetitive  can 
only  be  analysed  by  time-domain  methods. 

If  there  is  adequate  knowledge  of  the 
devices  in  the  time-domain  it  is  relative- 
ly easy  to  predict  their  behaviour  in  the 
simpler  case  when  the  clock  is  regular  and 
at  a fixed  frequency. 

The  present  study  is  therefore  aimed 
at  measurements  of  charge  flow  using 
clock  pulses  occurring  in  bursts  with  the 
period  T0,  total  number  N0  in  the  burst 
and  the  repetition  rate  of  the  bursts 
independently  variable.  Charge  is 
inserted  into  the  input  electrically 


either  as  a single  charge  packet  on  a 
specific  clock,  once  in  each  burst,  or 
combined  with  a constant  level  of  charge 
packets  of  independently  variable  magnitude 
extending  over  a number  of  clocks.  The 
average  value  of  the  output  charge  on  any 
specified  clock  or  the  integral  over  a 
number  of  adjacent  clocks  is  measured  with 
a digital  voltmeter  and  the  statistical 
distribution  of  amplitudes  of  the  indivi- 
dual packets  over  a large  number  of  bursts 
is  measured  with  a pulse  amplitude 
analyser (3).  This  latter  measurement  will 
give  r.m.s.  fluctuations  of  the  charges. 
These  measurements  are  repeated  over  a 
range  of  clock  numbers  and  at  different 
clock  frequencies. 

The  system  has  been  designed  to 
measure  the  absolute  magnitudes  of  the 
charges  to  about  5%.  The  stability  of 
these  measurements  is  better  than  0.2%  and 
the  relative  measurements  of  charge  are 
also  to  this  accuracy  or  to  1 fC  whichever 
is  the  larger.  Such  precision  is  expected 
to  yield  useful  information  on  the  charge 
states  and  transfer  properties  of  the  CCD. 
In  order  to  maintain  moderately  high 
accuracy  the  amplitudes  of  all  drive  wave- 
forms including  those  to  the  input  diode 
and  gate  are  maintained  to  an  accuracy  of 
about  50  mV.  The  short  term  fluctuations 
and  the  noise  on  these  waveforms  is  esti- 
mated to  be  less  than  1 mV.  The  measure- 
ments with  the  present  system  are  not 
reliable  at  clock  frequencies  in  excess 
of  1 KHz  owing  to  the  precautions  taken  to 
maintain  accuracy  but  faster  circuit 
techniques  may  make  it  possible  to  extend 
the  measurements  to  5 MHz . 

3.  EXPERIMENTAL  APPARATUS 

A block  diagram  of  the  major  parts  of 
the  equipment  is  given  in  fig  1 . A brief 
description  of  the  features  of  each  part 
will  now  be  given. 

3.1  CCD  AND  DRIVE 

All  the  CCD's  used  in  our  measurements 
were  three  ptase  n- channel  devices  with  an 
input  diode,  one  input  gate,  output  diode 
and  one  output  gate.  The  output  gate  and 
output  diode  were  held  at  fixed  potentials 
of  +3  V and  +7  V respectively  for  most  of 
the  measurements.  Electrical  charge  input 
was  achieved  by  pulsing  the  input  diode  and 
input  gate  within  the  duration  of  the  0^ 
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drive  waveform  as  shown  in  fig  2.  This  is 
a surface  potential  equilibration  method 
as  described  by  Tompsett'”'  with  the 
difference  that  the  durations  of  the  charge 
setting  time  Tg  and  equilibration  time  Tg 
are  fixed  and  independent  of  the  clock  rate. 
As  shown  in  fig  2 the  input  diodes  were 
normally  held  at  Ec  + 2 volts,  where  Ec  is 
the  phase-clock  amplitude  and  pulsed  to  a 
low  voltage  for  charge  injection.  Kg  was 
+10  V for  all  the  measurements  reported 
here.  The  total  number  of  input  diode 
pulses  is  limited  to  about  20  from  the 
first  phase  clock. 


The  input  gate  ia  normally  held  at  0 volta 
and  pulaed  to  Epz  or  Eg  where  EFZ  the 
fat  aero  control  level  and  Eg  ia  the 
aignal  control  level.  The  aignal  pulae  Eg 
ia  applied  only  on  one  nominated  clock  Ns 
clocks  after  the  beginning  of  the  phaae 
clocka  and  Ns  ia  variable  from  0 to  9. 

The  fat  aero  level  of  pulaea  on  the  input 
gate  were  maintained  on  all  clocka  except 
the  aignal  clock  for  the  entire  duration 
of  the  burat  of  phaae-clocka.  However 
since  the  total  number  of  the  input  diode 
pulaea  waa  restricted  to  about  20  clocks 
the  injection  of  fat  aero  signals  termin- 
ated at  that  point.  This  enabled  us  to 
study  the  build-up  and  decay  of  fat- aero 
pulses  at  the  output.  The  phaae-clocka 
had  an  overlap  of  50  ns  and  a linear  fall 
time  of  150  ns  except  in  the  experiment  on 
linearity  described  later. 

3.2  THE  CHARGE  SENSITIVE  AMPLIFIER 

The  measurements  reported  here  depend 
critically  on  the  performance  of  this 
amplifier.  There  are  two  parts  as  shown 
in  the  simplified  schematic  in  fig  3. 

The  charge  signals  are  amplified  in  the 
low  noise  amplifier^ 2 ) which  has  a JFET 
input  stage  and  a feedback  capacitance  Cf 
which  defines  the  charge  sensitivity. 

With  adequate  forward  gain  A the  output 
voltage  is  equal  to  Q/Cf,  where  Q is  the 
charge  signal  at  the  input. 


Fig  3 

Schematic  of  charge  sensitive  amplifier 
and  reset  system 

The  gated  transconductance  amplifier 
is  normally  off  so  that  transistor  J^ 
passes  only  the  small  leakage  current  of 


less  than  ICO  pA.  When  a reset  signal 
is  applied  this  current  increases  and  the 
output  voltage  of  the  low  noise  amplifier 
is  quickly  restored  to  near  0 volts  which 
is  the  reference  input  to  the  trans- 
conductance  amplifier.  In  this  reset  con- 
dition the  voltage  at  the  output  diode  of 
the  CCD  will  be  close  to  Eq  which  is  the 
reference  voltage  into  the  low  noise 
amplifier.  Reset  is  not  applied  during 
any  of  the  clocks  inside  the  sampling 
period  or  during  the  preceding  or  follow- 
ing clock  i.e.  during  the  period  from 
N-1  toN+n+1. 

Because  of  the  large  amount  of  nega- 
tive feedback  over  the  charge  sensitive 
amplifier  its  input  impedance  is  low  and 
equivalent  to  a capacitance  of  value  ACf. 
The  feedback  capacitance  is  0.8  pF  so  that 
an  output  voltage  of  1 mV  corresponds  to 
an  input  charge  of  5 x 103  electrons. 

Since  this  is  virtually  independent  of  the 
CCD  output  capacitance  (at  the  output 
diode  or  on  a floating  gate)  the  calibra- 
tion of  the  system  is  maintained  for  any 
CCD  connected  to  the  input.  Another 
important  consequence  of  this  arrangement 
is  that  any  contribution  to  the  non- 
linearity due  to  the  finite  output  conduct- 
ances) of  the  CCD,  particularly  when 
using  floating  gate  sensing,  can  be 
entirely  eliminated. 

The  leakage  current  of  the  input  JFET 
is  a few  pA  so  that  most  effects  of  this 
can  be  ignored.  The  equivalent  noise  of 
the  amplifier  is  about  0.11  r.m.s.  elec- 
trons -H*  "5  referred  to  its  input.  Typical- 
ly therefore  the  noise  contribution  of  the 
amplifier  will  be  78  r.m.s.  electrons  for 
a clock  frequency  of  1 MHz  when  the  output 
signals  are  put  through  a 0.5  MHz  low- pass 
filter.  In  our  measurements  however  the 
actual  noise  due  to  the  amplifier  is  about 
430  r.m.s.  electrons  owing  to  the  greater 
bandwidth  and  the  double  sampling  method 
as  explained  in  the  discussion  on  the 
results.  With  a good  on-chip  amplifier  it 
may  be  possible  to  reduce  the  amplifier 
noise  to  0.025  r.m.s.  electrons-Hz-5  if 
the  noise  voltage  of  the  source  follower 
is  of  the  order  of  1 Onv-Hr'S  and  the  total 
sensing  capacitance  including  the  gate 
capacitance  of  the  source  follower  is 
0.4  pF.  Our  measurements  on  some  poly- 
silicon gate  FETs  gave  an  equivalent  noise 
of  about  0.1  r.m.s.  electrons-Hz’V  which 
is  not  very  different  from  the  off -chip 


amplifier  used  in  these  experiments. 
Furthermore  the  introduction  of  a feed- 
back capacitance  into  the  on-chip  ampli- 
fier is  not  very  convenient.  Sven  if  this 
were  possible  the  value  of  this  feedback 
capacitance  is  required  to  be  about  0.2  pF 
in  order  to  maintain  a sufficiently  low 
input  impedance  at  the  gate  of  the  on-chip 
amplifier  and  this  will  result  in  a 
further  degradation  of  the  noise  perform- 
ance. 

3.4  SAMPLE  AND  HOLD  CIRCUITS 

The  output  of  the  charge  sensitive 
amplifier  is  processed  in  two  stages.  The 
sample  and  hold  A is  made  to  hold  the  level 
existing  at  clock  N and  sample  and  hold  B 
holds  at  clock  N •*  n so  that  the  output  of 
the  differential  amplifier,  after  the 
clock  N ♦ n,  is  proportional  to  the  charge 
collected  in  the  n clocks  starting  from  N. 
In  our  three  phase  system  the  "hold" 
instruction  to  both  the  circuits,  for  most 
measurements  excluding  the  reverse 
connected  tests  on  charge  injection,  is 
given  on  the  fa  phase  when  there  is  no 
charge  output  from  the  CCD.  The  sample 
and  hold  circuit  C is  made  to  sample  the 
output  of  the  differential  amplifier  some 
time  after  clock  N ♦ n so  that  the  volt- 
meter and  analyser  do  not  see  the  transis- 
tions  between  clocks  N and  N ♦ n.  The 
accuracy  and  stability  of  the  sample  and 
hold  and  difference  circuits  is  better 
than  about  0.3  mV  referred  to  the  output 
of  the  charge  sensitive  amplifier  i.e. 
about  2300  electrons.  The  noise  level  is 
negligible  in  relation  to  the  charge 
sensitive  amplifier. 

3.5  DIGITAL  VOLTMETER,  ANALYSER  AND 

RECORDER 

The  digital  voltmeter  is  used  to 
measure  the  mean  amplitude  of  the  charge 
signal  in  the  designated  range  N to  N ♦ n 
as  determined  by  the  sample  and  hold 
circuits  and  the  pulse  analyser  records  the 
amplitude  distributions  of  this  signal 
over  a large  number  of  bursts  - at  least 
105.  From  this  distribution  the  r.m.s. 
noise  in  units  of  electrons  referred  to 
the  CCD  output  is  readily  calculated. 

The  linearity  of  the  CCD  is  also 
measured  automatically  by  using  a sweep 
voltage  generator  which  sweeps  the  voltage 
Eg  (or  Epg)  applied  to  the  input  gate 


(see  fig  2)  linearly.  At  a fixed  repeti- 
tion frequency  the  number  of  counts 
recorded  in  each  channel  of  the  analyser 
is  then  inversely  proportional  to  the 
slope  of  the  transfer  function  of  the  CCD 
at  that  signal  level.  The  actual  transfer 
function  can  also  be  recorded  automatically 
by  using  a chart  recorder  in  place  of  the 
digital  voltmeter. 

4.  RESULTS  AND  DISCUSSION 

Three  types  of  surface  channel  CCD's 
were  tested.  The  first,  MA302,  is  a 100 
element  aluminium  gate  device  with  gate 
length  of  8pm,  width  100pm  and  a gap 
between  gates  of  2»a.  The  second,  MA315> 
is  a 10  element  single  level  doped- 
undoped  polysilicon  gate  device  with 
gates  of  10pm  x 75pm  and  inter-gate  region 
of  4pm.  The  third,  MA318,  is  a 100  element 
device,  similar  to  the  MA315#  with  a gate 
width  of  60pm  and  with  an  on-chip 
amplifier. 

4.1  NOISE  ON  SINGLE  INPUT  PACKET 

The  total  capacitance,  including  the 
CCD,  at  the  input  of  the  charge  sensitive 
amplifier  was  nearly  20  pF  and  the  equiva- 
lent noise  voltage  of  the  FET  was  measured 
to  be  0.9  nV-Hi'5.  This  should  give  an 
equivalent  input  noise  of  0.11  r.m.s. 
electrons-Hz"5.  In  order  to  ensure  that 
the  waveform  was  reasonably  flat  between 
the  500  kHi  clock  transients  we  used  a 
bandwidth  of  4 MHz  in  the  charge  sensitive 
amplifier.  The  noise  of  the  amplifier 
will  then  be  equivalent  to  220  r.m.s. 
electrons  and  taking  two  random  samples 
should  give  an  equivalent  noise  of 
308  r.m.s.  electrons  at  the  output  of  the 
differential  amplifier.  The  measured 
noise  was  about  430  r.m.s.  electrons  with 
the  CCD  taken  out  and  an  equivalent 
capacitance  shunting  the  input  of  the 
amplifier.  We  cannot  find  a good  explana- 
tion for  this  discrepancy  except  perhaps 
the  effect  of  the  finite  rise  time  of  the 
hold  waveform  in  the  sample  and  hold 
circuits.  We  are  however  confident  that 
the  measurements  of  CCD  noise  are  accurate 
since  these  noise  components  do  not  change 
in  the  fa  clock  phase  when  the  sampling 
occurs. 

Measurements  of  charge  output  and 
noise  on  the  MA302  with  only  one  charge 
packet  at  maximum  level  injected  into 
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the  input  on  clock  9 *t  500  kHs  clock  rate 
are  shown  in  fig  4.  The  output  signals  on 
clocks  109  and  beyond  was  measured  with 
n * 1 so  that  the  magnitudes  of  individual 
charge  packets  are  shown  here.  The  back- 


fig  4 

Charge  output  and  noise  of  HA 302 
as  a function  of  clock  number  with 
single  input.  Ns  - 9. 
without  fat  sero 

ground  noise  as  measured  on  clock  90  was 
subtracted  in  quadrature  and  the  noise  is 
therefore  that  due  to  the  presence  of  a 
signal.  The  fact  that  the  small  residual 
charge  and  noise  20  clocks  or  more  after 
the  main  packet  can  be  reproducibly 
measured  gave  us  some  confidence  in  the 
procedures  adopted.  There  was  a con- 
siderable variation  in  the  magnitude  of  the 
charge  output  when  the  ambient  temperature 
changed,  presumably  due  to  the  change  in 
losses  due  to  trapping,  and  the  noise 
measurements  had  to  be  made  with  automatic 
stabilisation  of  the  mean  signal  amplitude 
in  the  pulse  analyser.  Hie  noise  measure- 
ments were  then  consistent  over  many 
repeated  measurements. 

The  leakage  current  of  the  MA302  at 
the  output  was  typically  5 nA  without 
signal  and  the  measured  noise  in  the  absence 
of  signal  was  420  r.m.s.  electrons  which  is 
considerably  greater  than  the  noise  expected 
from  5 nA  confirming  the  excess  noise 
reported  earlier  by  Mohsen  et  al'° The 
leakage  current  fell  to  about  1 nA  when  ft 
and  0 j were  kept  permanently  at  0 volts. 

One  interesting  feature  was  that  the  leakage 
current  increased  to  more  than  40  nA  when  02 
was  kept  at  0 volts.  This  behaviour  is 
attributed  to  the  buried  n+  connection  to 
the  02  gates  causing  current  injection  into 


the  output  diode.  Another  observation  was 
a partial  decay  of  the  transient  waveform 
induced  by  the  clock  steps  into  the  output 
diode  with  a time  constant  of  the  order  of 
5ms.  If  the  coupling  is  purely  due  to 
capacitance  the  step  functions  of  the 
clocks  should  be  reproduced  exactly  at  the 
output.  Thorough  investigation  confirmed 
that  this  was  not  due  to  instrumental 
factors.  From  the  above  observations  it  is 
suggested  that  the  high  noise  level  of  the 
HA 302  in  the  absence  of  signal  could  be  due 
to  the  pumping  of  charge  into  and  out  of 
the  output  diode  by  the  various  clock 
waveforms.  The  resultant  current  can  have 
a small  mean  value  but  cause  a high  noise 
level  owing  to  the  components  being 
emission  or  diffusion  limited.  It  is  there- 
fore necessary  to  take  great  precautions  on 
the  details  of  the  layout  of  all  the 
diffused  regions  in  the  silicon  as  well  as 
the  gates  and  interconnections  on  top  of 
the  thin  and  thick  oxides. 

4.2  CLOCK  NOISE 

Considerable  amounts  of  clock  noise 
have  been  reported  by  Mohsen  et  alW  and 
Carnes  et  al'9).  Careful  measurements  of 
the  noise  of  the  MA318  with  no  signal 
present  are  given  in  table  I.  Since  the 
normal  output  from  this  device  was  only 
available  through  an  on-chip  amplifier  we 
operated  the  device  reverse  connected  so 
that  the  originally  intended  input  diode, 

Table  I 

Noise  of  MA318  with  no  signal 


1'otal  noise 
r e m # s • 

electrons 

Charge  sensitive  amplifier 
without  CCD 

430 

Charge  sensitive  amplifier 
and  CCD  without  drives 

425 

Charge  sensitive  amplifier 
and  CCD  with  drives 

444 

which  has  a direct  connection,  was  connected 
to  the  charge  sensitive  amplifier  as  if  it 
was  the  output  diode.  Since  these  measure- 
ments are  concerned  with  the  noise  level  in 
the  absence  of  a signal  the  details  of  the 
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connections  to  the  new  input  diode  and 
gate  are  irrelevant  so  long  as  they 
were  kept  at  potentials  which  prevented 
charge  injection. 

The  noise  measurement  without  the 
CCD  was  taken  with  a capacitance  equal  to 
the  measured  capacitance*  of  the  CCD 
shunting  the  input  of  the  charge  sensitive 
amplifier.  These  measurements  are  repro- 
ducible to  better  than  r.m.s.  electrons 
on  the  totals  given  above.  The  noise 
contribution  of  the  CCD  is  estimated  to  be 
130  r.m.s.  electrons  with  the  clocks 
present  and  no  more  than  50  r.m.s. 
electrons  in  the  absence  of  the  clocks. 

The  mean  leakage  current  with  the  clock 
present  was  about  1.1  x 10^  electrons  in 
each  2|is  clock  period  and  this  could 
account  for  about  105  r.m.s.  electrons  of 
noise  so  that  the  increase  of  noise  due  to 
the  clocks  not  explained  by  leakage  is 
less  than  80  r.m.s.  electrons.  It  is  not 
easy  to  determine  how  much  of  this  may 
still  be  due  to  reversible  charge  pumping 
which  has  a small  mean  current  at  the 
output . 

4..  3 ELECTRICAL  INJECTION  NOISE 

One  of  the  significant  causes  of 
noise  in  a CCD  used  for  signal  processing 
has  been  ascribed  to  the  electrical  charge 
injection  process  at  the  inputs®).  In 
normal  operation  it  is  not  easy  to  separate 
this  component  from  those  due  to  charge 
trapping  and  free  charge  transfer 
inefficiency.  The  methods  which  use 
extrapolations  of  the  noise  from  light 
signals  injected  at  varying  positions  from 
the  end  of  a long  CCD  and  the  net  noise 
from  electrical  charge  injection  are  not 
very  accurate  because  they  rely  on  the 
difference  between  large  numbers.  We  have 
devised  a method  which  should  give  a more 
direct  and  accurate  figure  for  the  elec- 
trical charge  injection  noise. 

Let  us  consider  the  details  of  opera- 
tion of  the  output  gate  and  diode.  In  our 
case  the  bias  for  the  output  gate  and 
output  diode  are  +3v  and  -f7v  respectively 


'Capacitance  and  leakage  measurements  of 
the  CCD  give  variable  results  and  these 
will  be  reported  elsewhere. 


in  order  to  perform  the  normal  function  of 
receiving  the  charge  transmitted  by  the 
last  0^  electrode.  In  this  condition  the 
output  charge  of  the  CCD  is  amplified  by 
the  charge  sensitive  amplifier  connected 
to  the  output  diode.  If  however  the 
potential  of  the  output  gate  is  at  least 
1v  higher  than  that  of  output  diode, 
allowing  for  threshold  potentials,  charge 
will  flow  out  of  the  output  diode  to  fill 
the  well  under  the  last  #3  gate  on  each 
^3  clock  and  be  transferred  back  into  the 
output  diode  at  the  end  of  the  #3  clock. 
These  charge  flows  will  be  amplified  by 
the  charge  sensitive  amplifier  in  the 
normal  way.  If  the  output  of  the  charge 
sensitive  amplifier  is  sampled  on  sample 
and  hold  A on  clock  02  and  on  sample  and 
hold  B on  clock  0*  of  the  same  clock  N 
the  difference  will  be  the  charge  pumped 
out  of  the  diode  to  fill  the  well  under  0-t. 
By  suitable  setting  of  the  potentials  at 
the  output  gate  and  diode  it  is  possible 
to  simulate  the  conditions  at  an  input 
gate  and  diode  during  charge . in jection  and 
equilibrium.  The  input  diode  can  be 
connected  to  the  charge  sensitive  ampli- 
fier and  the  magnitude  of  the  charge 
injected  into  0^  can  be  obtained  directly 
from  these  measurements.  We  studied  the 
fluctuations  in  these  charges  and  have 
arrived  at  the  conclusion  that  the  fluctua- 
tions are  not  much  greater  than  the  theo- 
retical figure  of  400  \T2 Cg  where  Cg  is  the 
capacitance  in  pF  of  each  of  the  two 
electrodes  in  the  potential  equilibration 
system.  Details  of  this  will  be  reported 
elsewhere. 

An  example  of  high  injection  noise  due 
to  incorrect  operation  of  the  fat  zero 
level  of  the  MA302  is  shown  in  fig  5.  The 
level  Ep2  (fig  2)  was  kept  at  about  0.5v 
above  the  threshold  in  order  to  obtain  a 
fat  zero  level  of  about  5®%  of  the  maximum 
charge.  The  correct  operating  voltage  to 
obtain  this  fat  zero  level  would  have  been 
about  6v  when  normal  surface  potential 
equilibration  would  have  taken  place. 

With  only  0.5v  on  Epz  the  filling  of  the 
well  under  0f  would  be  emission  limited 
and  exhibit  a large  noise  level.  In  order 
to  demonstrate  this  a signal  level  Es  of 
2.5v,  which  gives  75%  of  maximum  charge 
with  equilibration,  was  also  set  on  clock  9 
(Ns  = 9).  The  resulting  charge  output  and 
noise  are  seen  in  fig  5.  It  is  seen  that 
the  noise  cm  clock  109  was  smaller  than  the 
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injection  noise  in  the  MA302  when 


operated  with  incorrect  voltage  for 


obtaining  fat  zero  and  lower  noise  on 


a larger  signal  on  clock  9 with 


correct  potential  equilibration 

noise  on  the  other  clocks  which  exhibit  the 
high  noise  due  to  incorrect  operation  of 
the  fat  zero. 

k.k  CHARGE  TRAPPING  AND  FREE  CHARGE 


Noise  build  up  in  the  MA302 
on  IQOfc  fat  zero 
and  excess  delayed  noise 
on  an  absent  signal 

by  a large  amount  on  the  trailing  clock  110 
before  returning  to  the  steady  state  value 
2 clocks  later.  The  exact  nature  cf  this 
behaviour  will  depend  on  the  relationship 
between  the  clock  period  Tc  and  the  trap 
emission  time  constants. 


TRANSFER  EFFICIENCY 


A simple  example  of  the  effects  of 
charge  trapping  is  seen  in  fig  6.  In  this 
case  the  fat  zero  control  level  Epz  of  the 
HA302  was  set  at  1.5v  in  order  to  obtain 
maximum  charge  with  «. irrect  potential 
equilibration.  The  signal  level  Eg  on 
clock  9 was  set  at  Ov  so  that  no  charge 
injection  took  place  on  this  clock.  It  is 
seen  that  the  noise  builds  up  on  clock  100 
to  a larger  value  than  the  steady  state 
figure  before  the  fat  zero  charge  amplitude 
built  up  to  the  steady  state  level.  Again 
when  the  charge  on  clock  109  falls  to  a 
very  low  value,  owing  to  the  absent  signal 
on  clock  9 at  the  input,  the  noise  on  clock 
109  shows  a slight  increase  and  increases 


A detailed  study  of  the  build  up  and 
decay  of  a string  of  fat  zero  pulses  will 
yield  information  on  the  relative  contri- 
bution of  losses  due  to  trapping  and  free 
charge  transfer.  Such  measurements  are  in 
progress  and  an  indication  of  the  accuracy 
obtainable  even  with  devices  with  high 
transfer  efficiency  is  given  in  fig  7.  ftie 
interesting  aspect  is  that  the  figure  for 
transfer  inefficiency  changes  appreciably 
if  many  trailing  pulses  are  taken  into 
account  rather  than  only  the  first  one.  If 
the  charge  recovered  on  the  first  trailing 
pulse  only  is  used  the  transfer  inefficiency 
of  this  device  is  calculated  to  be  4-. 9 x 
1 0r1*  without  fat  zero  and  )•}  x 1 0"^  with 
fat  zero.  If  however  the  total  charge 
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Fig  7 

Charge  output  of  MAM 8 aa  a function  of 
clock  number  with  and  without  fat  zero. 

The  fat  zero  level  was  deducted 

In'  these  plota  (Ww  = 9.  n = 1 ) 

recovered  in  10  trailing  pulses  is  used  in 
the  calculation  the  figures  are  1 .2  x 1 0"3 
without  fat  zero  and  5*3  * 1 with  fat 
zero. 

4.3  LINEARITY 

It  has  been  shown  above  that  the  study 
of  charge  packet  size  and  the  associated 
noise  as  a function  of  clock  number  follow- 
ing a change  in  the  input  can  give  useful 
information  on  device  behaviour.  The  study 
of  linearity  of  the  transfer  function  can 
be  equally  useful  if  it  is  suitably 
oriented.  The  normal  transfer  function 
measurement  consists  of  recording  the 
actual  magnitude  of  the  output  charge  as  a 
function  of  the  input  and  two  examples  of 
such  a record  are  given  in  fig  8.  All 
these  measurements  were  made  at  a clock 
frequency  of  500  kHz.  In  figure  8(a)  the 


(a)  clock  trailing  edges  70  ns 


S'Omai  voirs 


(b)  clock  trailing  edges  170  ns 
Fig  8 

Transfer  function  of  MA315 
measuring  charge  out  rut  in 
the  first  clock  ( n ~=  1 ) 
and  on  the  total  charge  in 
the  first  four  clocks  (n  ~4) 

transfer  function  is  plotted  for  the  case 
where  the  trailing  edge  of  the  phase 
driving  clocks  had  a linear  fall  time  of 
70  ns  and  the  two  curves  correspond  to  the 
charge  collected  on  the  first  pulse  and  the 
integral  of  the  charge  on  the  first  four 
pulses.  Fig  8(b)  shows  the  measurements 
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with  a clock  fall  tine  of  170ns.  It  is 
seen  that  there  is  some  difference  between 
these  measurements  but  it  is  difficult  to 
abstract  quantitative  information  from 
these  results.  The  output  signal  scales 
in  fig  8 are  only  relative  and  have  been 
adjusted  in  each  case  to  make  the  maximum 
signal  levels  correspond  to  make  compari- 
sons easier. 

A much  more  reliable  and  accurate 
technique  is  one  in  which  the  differential 
coefficient  of  the  transfer  functions 
shown  in  fig  8 is  plotted  as  a function  of 
output  charge.  This  is  readily  obtained 
automatically  by  sweeping  the  input 
voltage  Sfi  or  Es  (fig  2)  linearly  over 
some  predetermined  range,  maintaining  a 
constant  pulse  burst  repetition  frequency 
and  plotting  the  nusiber  of  counts  recorded 
in  each  bit  interval  (channel)  of  the  pulse 
analyser  in  fig  1 . This  is  standard  pro- 
cedure for  measuring  linearity  with  pulse 
analysers  and  the  results  for  the  same 
cases  as  in  fig  8 are  shown  in  fig  9.  The 
gross  nonlinearity  with  n = 1 for  the 
faster  trailing  edge  of  the  clock  due  to 
variation  in  free  charge  transfer  efficiency 
is  reduced  by  integrating  the  output  charge 
over  four  clocks  (n  » 4).  However  it  is 
also  noticed  that  the  non-linearity  when 
n = 4 is  slightly  worse  for  the  longer 
trailing  edge  and  for  the  smaller  charge 
packets  owing  to  charge  trapped  in  the 
interelectrode  gaps  during  transfer.  It 
is  seen  that  the  differential  linearity  for 
n = 4 of  this  10-element  device  with  lOv 
clocks  is  better  than  5%  for  a total  charge 
output  range  of  about  1 0?  electrons  (from 
2 x 10°  to  12  x 10°).  We  have  not 
attempted  to  interpret  these  in  terms  of 
harmonic  distortion  since  the  differential 
linearity  gives  a better  and  more  direct 
indication  of  the  expected  performance  of 
the  device  in  our  signal  processing 
applications. 

5.  CONCLUSIONS 

The  measurement  techniques  reported 
here  give  accurate  numerical  figures  which 
are  a direct  indication  of  the  mechanisms 
governing  CCD  operation.  Direct  measure- 
ments of  the  charge  injected  and  the  noise 
associated  with  this  process  can  be 
obtained  so  long  as  the  connections  to  the 
appropriate  electrodes  are  available.  It 
has  been  shown  that  the  noise  performance 
of  the  off-chip  amplifier  is  more  than 


1 


(a)  Trailing  edges  70  ns 


(b)  Trailing  edges  170  ns 
Fig  9 

Differential  linearity  measurements 
for  the  conditions 
identical  to  those  in  fig  8 

adequate  for  most  measurements.  The 
linearity,  constancy  of  calibration  and 
low  input  impedance  of  the  charge  sensitive 
amplifier  make  it  possible  to  make  direct 
quantitative  comparisons  between  a range  of 
devices. 

From  the  measurements  reported  it  is 
evident  that  the  background  noise  both 
intrinsic  and  extrinsic  are  quite  small 
even  with  off-chip  amplification.  The 
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techniques  used  for  the  control  of  drive 
waveforms  have  resulted  in  clock  noise 
figures  much  smaller  than  reported  else- 
where. Even  the  small  remaining  excess 
background  noise  can  be  attributed  to 
spurious  charge  flow  induced  into  the  CCD 
by  the  clock  waveforms.  The  difficulty  of 
calibration  of  on-chip  amplifiers  and 
their  dubious  linearity  and  noise  perform- 
ance make  them  unsuitable  for  serious 
investigations  of  device  behaviour. 
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ANTI-ALIASING  CHARACTERISTICS  OF  THE  FLOATING  DIFFUSION  INPUT* 
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ABSTRACT.  The  CCO  Is  inherently  a sample-data  device.  It  follows  that  preservation  of 
signal-to-noise  ratio  requires  that  the  noise  on  the  processed  signal  be  bandlimited  to 
avoid  aliasing.  In  many  applications,  particularly  those  Involving  integration  of  pre- 
CCD  electronics  onto  the  CCD  monolith.  It  is  desirable  that  this  low-pass  filtering  be 
accomplished  by  the  CCD  input  itself. 

An  analysis  is  presented  of  the  small-signal  frequency  response  of  the  floating 
diffusion  (FD)  input'’*  which  predicts  a band-limiting  effect  approaching  the  sin  x/x 
response  of  an  ideal  integrator.  The  analysis .applies  with  equal  validity  to  all  inputs 
using  the  potential  equilibration  technique.  ' *’>3>lt»5 

Frequency  response  data  are  presented  together  with  noise  measurements  which  agree 
well  with  theory.  These  measurements  made  on  the  FD  input  indicate  excellent  noise 
anti-aliasing  under  practical  conditions  of  operation  which  maintain  the  insensitivity 
to  threshold  voltage  inherent  in  this  input. 

I.  INTRODUCTION 

In  most  signal  processing  applications 
using  CCDs,  noise  and  dynamic  range  are 
important  considerations.  Because  the  CCD 
is  inherently  a sample-data  device,  the 
band-1 imi t ing  of  high  frequency  noise  and 
signals  (those  above  the  Nyquist  frequency) 
is  essential  to  prevent  aliasing.  This  is 
of ten  accompl i shed  using  RC  filters  in  the 
interface  electronics  preceding  the  CCD 
input. 

This  paper  deals  with  the  small-signal 
frequency  response  of  the  floating-diffu- 
sion input' ’ , a common  input  technique  for 
Injecting  charge  into  CCDs.  An  analysis  is 
presented  which  predicts  that,  properly 
operated,  this  input  exhibits  a frequency 
response  approaching  the  sin  x/x  response 
of  an  ideal  integrator  and  may  be  used  to 
effectively  prevent  noise  aliasing.  Data 
are  presented  verifying  this  performance. 

The  analysis  is  equally  valid  for  the  "fill' 
and  spill"  or  ''potential  equilibration" 

|npUt1.2, 3,1,5. 


The  inherent  anti-aliasing  character- 
istics of  the  floating-diffusion  input  are 
particularly  beneficial  in  applications 
where  it  is  desired  to  integrate  all  of 
the  pre-CCD  interface  electronics  onto 
the  CCD  monolith  itself  in  a high  density 
format.  Noise  band-limiting  is  achieved 
without  the  undesirable  threshold  voltage 
sensitivity  characteristic  of  the  true 
integrator  or  "direct  injection"  mode  of 
charge  injection. 

II.  REVIEW  OF  THE  FLOATING  DIFFUSION 
INPUT 

The  structure  of  the  floating  dif- 
fusion input  is  shown  in  Figure  1.  In 
simple  terms,  the  technique  involves  first 
setting  the  intermediate  node  to  a voltage 
dependent  on  the  signal  voltage  applied  to 
the  first  transfer  electrode  Vg1  and  then 
resetting  the  node  to  a reference  voltage 
applied  to  the  transfer  electrode  Vg^.  The 
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second  process  is  accomplished  through  trans- 
fer of  charge  into  the  receiving  CCO  well;  as 
such,  the  charge  Introduced  Is  derived  from 
the  difference  In  the  two  preset  levels  mul- 
tiplied by  the  capacitance  of  the  floating 
node  and  is  insensitive  to  threshold  voltage 
(Vf)  to  the  extent  that  Vt^ I s the  same  under 
closely  spaced  electrodes.®  The  noise  char- 
acteristics of  this  input  are  known  to  be 
approximately  described  by  kTC.'>2 

The  first  process  in  the  two  step 
sampling  operation  of  the  floating  diffusion 
input  Is  essentially  the  "fill-and  spill"  or 
"potential  equi 1 ibration"^ ,2,3. A, 5 procedure 
applied  to  a diffusion  instead  of  a CCO  or 
HIS  node.  This  process  is  initiated  by  puls- 
ing the  input  diode  (Vjj)  negatively  (for  an 
N channel  CCD)  to  introduce  excess  charge 
onto  the  diffused  node  and  then  returning  it 
to  a high  positive  value  to  extract  charge 
from  the  node  while  the  channel  current  is 
controlled  by  the  signal  voltage  applied  to 
the  input  gate  (Vgl).  The  first  process  is 
terminated  by  the  pulsing  of  the  second  gate, 
(Vg2)  which,  for  a multiplexer,  is  the  serial-; 
parallel  transfer  electrode.  An  analysis 
will  next  be  presented  which  predicts  that 
for  noise,  the  time  interval  associated  with 
the  first  process  constitutes  an  effective 
integration  time,  t , and  the  input  acts  to 
band-limit  the  noise.2’" 


III.  FREQUENCY  RESPONSE  ANALYSIS  OF  THE 

"FILL-ANO-SPILl"  OR  "POTENTIAL  EQUI- 
LIBRATION" TECHNIQUE 

As  pointed  out  in  the  preceding  sec- 
tion, the  first  step  in  the  two-step  sampl- 
ing process  of  the  floating  diffusion  input 
is  identical  to  the  "fill-and  spill"  or 
"potential  equilibration"  technique.  The 
only  difference  is  that  for  the  floating 
diffusion  case,  as  charge  is  being  extracted 
the  gate  Vgl  acts  as  the  gate  of  the  MOSFET 
whose  drain  is  the  input  diode  and  whose 
source  is  the  diffused  node;  for  the  fill- 
and-spill  input,  the  CCD  potential  well  (or 
intermediate  MIS  node)  acts  as  a virtual 
source.  The  equations  describing  the  channel 
current  are  essentially  identical.  The 
input  voltage  is  applied  to  the  gate  (Vgl) 
of  the  input  transistor,  and  when  the  input 
diode  Vfj  is  pulsed  positive,  current  flows 
into  the  capacitor  (electrons  "spill"  out) 
until  the  channel  current  decreases  to  a 
small  value,  i.e.,  until  Vfd  - Vjn  - Vt. 

When  V|n  is  a constant  value,  the  problem 


is  well  defined  and  the  voltage  transient 
can  be  calculated.2  In  reference  2,  V|n  is 
assumed  to  be  constant,  and  the  effect  of 
channel  noise  is  calculated.  In  this  sec- 
tion an  analysis  is  given  of  the  case  where 
the  input  voltage  varies  with  time  during 
the  "spill"  transient.  The  analysis  applies 
to  noise  on  the  input  or  to  small  input 
signals. 

The  circuit  diagram  for  the  floating 
diffusion  input  during  the  spill  cycle  is 
shown  in  Fig.  2b.  The  capacitor  voltage 
v(t)  increases  after  the  input  diode  V-,,j  is 
pulsed  positive  at  t ■ 0.  In  the  case 
where  the  input  voltage  is  constant  (vn(t)= 

0),  the  spill  transient  follows  the  curve 
v0(t)  shown  In  Fig.  2a.  For  the  above 
threshold  case,  v0(t)  asymptotically  approaches 
Vin-Vt  where  Vt  is  the  MOS  threshold  voltage. 
The  spill  transient  is  terminated  after  time 
t when  the  charge  on  the  capacitor  is  clocked 
further  into  the  CCD. 

Assume  that  a small  ac  signal  vn(t)  is 
applied  to  the  input  gate  along  with  the 
time  invariant  Vjn.  The  asymptotic  value 
which  the  spill  transient  approaches  changes 
with  time,  and  the  analysis  which  follows 
is  based  upon  the  fact  that  the  form  of  the 
spill  transient  v(t)  depends  only  upon  the 
asymptotic  final  value  it  would  be  approaching 
if  the  gate  voltage  remained  at  its  instan- 
taneous value  Vjn  + vn(t).  This  follows 
from  the  fact  that  the  channel  current  is 
controlled  by  the  voltage  between  the  gate 
and  the  floating  diffusion  node  (i.e.,  the 
transistor  gate- to- source  voltage). 

Suppose,  as  shown  in  Fig.  2a,  an  incre- 
mental change  in  gate  voltage  dvnj  occurs  at 
some  time  t|.  The  result  is  to  cause  the 
transient  to  be  further  away  from  its  new 
asymptotic  final  value  V[n  -Vt  + dvnj.  By  our 
assumption  the  waveform  should  have  the  same 
shape  that  v0(t)  had  at  an  earlier  time 
t(  - dtn|,  where 


Analytically,  we  have  defined  a new 
function  Vj(t)  for  the  transient,  which 
would  be  valid  for  all  t ^ t|  if  no  further 
incremental  changes  occurred  at  the  gate. 
This  function  vj (t)  is  given  by 

V|(t)  ■ vo(t  - dtnl>  + dvnl 


(2) 


where  the  dvnl  reflects  the  Increase  In 
asymptotic  final  value.  Now,  suppose  a 
second  incremental  change  occurs  at  time  t2* 
in  an  identical  manner  a new  delay  time 
dtn2  is  defined  by 

. -1 

dtn2  ■ (dtVt,  dvn2  (3) 

and  a new  functional  form  for  the  transient 
becomes 

v,(t)  - v.(t  - dt  J + dv  _ 


v (t  - dt  . - dt  -)  + dv  . + dv  , 
o nl  n2'  nl  n2 


Which,  as  before,  would  be  valid  for  all 
t 2 t2  If  no  further  changes  in  gate  voltage 
were  to  occur. 

As  a result  of  numerous  incremental 
changes  in  Input  voltage,  the  node  vol- 
tage at  the  end  of  the  spill  transient 
becomes 

v(t)  - vo(t  - I*  dtn)  + f dvn  (5) 


with  dt^  given  by 


■ (S' 


In  calculating  J dtn,  it  is  assumed  that  the 
time  varying  input  voltage  vn(t)  is  suffi- 
ciently small  that  dvQ/dt  can  be  used  to 
approximate  dv/dt  in  Eq.  (6).  This  small 
signal  restriction  effectively  linearizes 
a highly  non-i Inear  input  and  permits  the 
definition  of  a linear  transfer  function. 

The  physical  significance  of  this  lineari- 
zation In  terms  of  its  restrictions  on  the 
amplitude  of  vn(t)  remains  the  primary  area 
for  future  analysis  and  experimental  work. 
The  simplifying  effect  of  this  assumption 
Is  that  Eq.  (5)  can  be  Integrated  to  give 

v(x)  - vo(t  - tn)  + f ^ dt  (7) 


t dv/dt 

r — 2 — 

- dv  /dt 
o 


At  this  point  a further  linearization 
is  made,  it  Is  assumed  that  tn  Is  suffi- 
ciently small  that  vq(t  - tn)  can  be  approxi- 
mated by 


vo(T  ' ‘n*  " vo(T)  ‘ ‘n  (9) 

whereby  Eq.  (7)  can  be  written 
/dv  . t dv  /dt 

V(T)  - VC(T)  - (5F-)t  f dt 

0 ° (10) 

it  * 

J dt 
o 

The  quantity  of  interest  Is  Av  s v(t)  - vo(t) 

which  represents  the  difference  In  final 
voltage  which  results  from  vn(t).  From 
Eq.  (10) 

Tr  (dv  /dt)  n dv 
a..  _ J I | . 2 111  n j. 


dv  /dt  J dt 
o 


Equation  (II)  can  be  used  to  determine 
the  frequency  response  of  the  floating 
diffusion  input.  Let  us  assume  that  vn(t) 
is  of  the  form 

vn(t)  - Vn  ei2"ft  u_,(t)  (12) 

where  Vn  is  the  complex  amplitude  of  the 
input  noise  or  signal  voltage  at  frequency 
f and  u_j(t)  is  the  unit  step  at  t « 0. 
Inserting  Eq.  (12)  into  (II)  and  assuming 

that  (dv0/dt)r  « (dvo/dt)t«0  gives 


(dvQ/dt) 

dv  /dt 
o 


- ]sest  dt}  (13) 


where  the  shorthand  s = i2itf  has  been  used. 

In  order  to  proceed  further  with  the 
evaluation  of  Eq.  (I3)j  equations  for  vQ(t) 
must  be  used.  Two  cases  will  be  considered. 
I)  The  case  where  t Is  so  short  that  the 
above- threshold  transistor  equation^  des- 
cribes the  spill  transient. 

lD(t)  “ | (V,n  - Vt  - v(t))2  (14) 

In  this  expression 

e 2 r cox  u <*s) 

characterizes  the  transistor  channel  width 
W,  channel  length  L,  oxide  capacitance  per 
unit  area  Cox  and  majority  carrier  mobility 
u. 
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2)  The  case  where  x Is  so  long  that  the 
transistor  operates  In  the  subthreshold 
regime  during  most  of  its  spill  transient. 

In  this  case  the  subthreshold  transistor 
equation  appi ies. 

lD(t)-  0 ^)2exp[  ^(V.n-Vn^-v(t))](l6) 


where  m and  n are  capacitance  ratios  on  the 
order  of  unity  which  are  defined  in  Ref.  10. 

Case  I applies  when 

T<f^  (,7> 

and  case  2 applies  when 

'»T±  (,8) 

(See  Ref.  (II)) 


Assuming  Eq.  (14)  for  the  transistor 
drain  current,  the  spill  transient  vc(t)  can 
be  calculated  to  be2'" 


Vo  (*>  ■ Vin  - Vt 


Vin  - Vt  - Vo  <°>  , 05 

1 +H[Vin-Vt-  vo  <°>] 

which,  apart  from  an  initial  transient,  is 
approximately 


(0  ■ Vin  " vt  ‘ pt 


from  which 


UV  0r 

o 2C 

dt  %t2 


inserting  Eq.  (21)  into  Eq.  (13)  gives 
Av  - Vn  {i  ♦ JT[l  - 4 J dt}  (22) 


which  can  be  integrated  to  give  the  transfer 
function  H = Av/Vn 

H(s)  mTT  + T”.2  (e  ‘ 0 • (23) 

(ST  ) 


The  magnitude  of  this  function  is  shown  in 
Figure  3 as  a solid  line. 


When  the  transistor  is  characterized 
by  Eq.  (16),  the  spill  transient  vQ(t)  is 
given  by  1 1 

v ( t ) -V  -V  - — + — 1nT|  S iil(t-t  )+l"](24) 
o in  t q q LC  m q o J 

where  tQ  is  the  time  at  which  the  transistor 
enters  the  subthreshold  regime,  i.e.,  the 
time  at  which  v * V|n-Vt  ” nkT/q.  In  this 
analysis  it  is  assumed  that  x » t„,  and  since 
the  form  of  dv0/dt  is  important  only  at  large 
t,  it  is  approximated  by 

7T  * ¥ 7 

Inserting  Eq.  (25)  into  Eq.  (13)  gives 

Av  " Vn  {’  + J'"'  L1  * t ] seSt  dt  } (26) 

o 

from  which  H(s)  is  determined  to  be 


H(s)  “ ~ (I  - e"ST) 


The  magnitude  of  this  is  identical  to  the 
ideal  integrator  and  is  given  by  the  dotted 
line  in  Figure  3. 

Work  is  continuing  to  determine  the 
range  of  signal  amplitudes  over  which  the 
above  linearizations  are  valid.  However, 
data  in  the  following  section  support  these 
results. 

IV.  EXPERIMENTAL  RESULTS 

A.)  Experimental  Setup.  A schematic 
is  shown  in  Figure  4 of  the  experimental 
setup  used  for  measuring  the  small-signal 
frequency  response  and  noise  aliasing 
characteristics  of  the  floating  diffusion 
input. 

The  output  of  the  CCD  is  a conventional 
preset  or  floating  diffusion  amplifier, 
buffered  by  a bipolar  emitter  follower.  The 
output  waveform  is  sampled-and-held  by  an 
Analog  Devices  SHA-2.  The  amplified  output 
of  the  SHA-2  sample-and-hold  circuit  is  fed 
into  a Hewlett-Packard  HP  302A  wave  analyzer 
for  determination  of  the  RMS  level  of  signal 
and  spectral  intensity  of  noise.  At  the 
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input  the  option  exists  to  apply  either  a 
small -signal  sinusoid  excitation  (from  the 
wave-analyzer  oscillator)  or  a white  noise 
voltage  from  a GR  13908  noise  generator. 

The  bandwidth  of  the  applied  noise  is 
controllable  using  a KH  3550  tunable  filter. 
Provisions  are  also  made  in  the  CCO  clock- 
ing electronics  to  vary  the  effective  Inte- 
gration, T. 

B. )  Small-Signal  Frequency  Response. 

The  data  plotted  in  Figure  5 were  obtained 
by  biasing  the  Input  to  approximately  50% 
full  well  and  then  modulating  this  charge 
level  with  peak-to-peak  charge  excursions 
of  the  order  of  1%  (or  less)  of  a full  well 
while  varying  the  normalized  integration 
time,  x/Tc.  The  clock  frequency  was  18  kHz. 
The  data  in  its  raw  form  does  not  readily 
Indicate  the  frequency  response  of  the  input 
because  of  the  sin  x / x frequency  response 
of  the  output  due  to  the  SHA-2  sample-and- 
hold  circuit.  The  data  was  massaged  by 
dividing  through,  point  by  point,  by  the 
measured  frequency  response  of  the  SHA-2. 

The  massaged  data  is  shown  plotted  in  Fig- 
ure 6.  For  an  effective  integration  time 

t of  0.1  Tc,  the  input  response  was  quite 
flat  well  beyond  the  clock  frequency,  fc, 
in  good  agreement  with  the  predictions  of 
Figure  3. 

For  the  case  of  t * 0.9  Tc,  on  the 
other  hand,  the  small-signal  response  of 
the  input  was  very  nearly  that  of  an  ideal 
sin  x / x integrator.  This  response  is 
in  good  agreement  with  the  subthreshold 
model  depicted  in  Figure  3*  From  an  alias- 
ing standpoint,  substantial  aliasing  would 
be  anticipated  for  the  case  of  T = 0. 1 Tc, 
where  x ■ 0.9  Tc  mode  of  operation  should 
yield  little  or  no  aliasing. 

C. )  Noise  Aliasing.  To  corroborate 
the  aliasing  conclusions  based  on  the 
massaged  small -signal  data,  the  GR  1 390B 
noise  generator  was  connected  to  the  input 
(See  Figure  4).  The  raw  data  is  shown  in 
Figure  7.  Although  again  the  spectral 
intensity  is  effected  by  the  output  sin  x / x 
at  high  frequencies,  the  aliasing  properties 
can  easily  be  inferred  by  the  low  frequency 
noise  intensity.  The  lowest  curve  represents 
the  inherent  noise  obtained  with  the  GR  1390 
cut  off.  The  second  lowest  curve  denoted 

by  the  solid  dots  was  obtained  with  the  KH 
3550  upper  cut  off  frequency  set  to  the 
Nyqulst  frequency.  The  elevated  noise 
indicated  input-noise  dominated  performance. 


Because  of  the  bandlimiting  of  the  3550, 
however,  no  aliasing  was  present. 

Coincident  with  the  second  lowest 
curve  is  shown  a set  of  data  points  denoted 
by  X's.  These  data  were  obtained  with  the 
KH  3550  bandwidth  set  at  20  times  the 
Nyquist  frequency  (or  10  fc)  and  with  the 
integration  time  x approximately  0.9  Tc- 
No  increase  in  low-frequency  noise  was 
observed;  l.e.,  no  aliasing  occurred.  The 
two  higher  noise  curves  were  obtained  for 
smaller  values  of  normalized  integration 
time  x/Tc. 

Figure  8 shows  a normalized  plot  of 
noise  data  obtained  at  f ■ 0.1  fc  for 
different  values  of  normalized  integration 
time  x/Tc.  The  dashed  line  is  the  theoreti- 
cal aliasing  factor,  defined  as  the  fractional 
increase  in  low  frequency  noise  due  to  alias- 
ing, as  predicted  by  the  above-threshold 
model  of  Figure  3.  The  data  actually 
indicates  better  agreement  with  the  sub- 
threshold model,  consistent  with  the  small- 
signal  response  data  of  Figure  6. 

V.  Conclusions 

In  summary,  the  small-signal  frequency 
response  analysis  of  section  III  predicted 
that  substantial  anti-aliasing  performance 
may  be  realized  using  the  floating-diffusion 
input.  The  data  presented  verified  this 
prediction  for  practical  conditions  of  opera- 
tion. From  an  application  standpoint,  these 
anti-aliasing  characteristics  can  be  a 
valuable  benefit,  especially  for  high  den- 
sity applications  where  additional  filter 
circuitry  is  undesirable.  The  results 
obtained  are  equally  valid  for  all  inputs 
incorporating  the  "f i 1 1 -and-spi 11"  or 
"potential  equilibration"  technique  and  are 
achievable  while  maintaining  the  high  level 
of  threshold  voltage  insensitivity  character- 
istic of  the  input  technique. 

Some  important  work  remains  in  exploring 
analytically  and  experimentally  the  range 
of  signal  amplitudes  over  which  this  band- 
limiting  effect  remains  operative.  Of 
equal  importance  is  the  determination  of  the 
effect  on  the  anti-aliasing  characteristic 
resulting  from  spurious  voltage  transients 
in  a system,  both  coherent  and  random. 
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ABSTRACT.  The  sensitivity  of  the  potential  equilibration  input  method  to  flat-band 
voltage  shifts  has  been  investigated.  The  conditions  required  for  proper  operation  of 
the  technique  have  been  used  to  predict  the  magnitude  of  the  flat-band  voltage  shift 
that  can  be  accommodated.  The  effect  of  gamma  irradiation  on  the  device  transfer 
characteristics  was  determined.  The  experimental  threshold  shift  tolerance  is  compared 
to  the  predicted  behavior.  The  trade-offs  involved  in  maximizing  the  threshold  shift 
acconmodation  are  discussed. 

INTRODUCTION 


Characteristics  such  as  low  cost,  small 
size,  low  pcwer,  and  high  reliability  make 
charge-coupled  devices  (CCD's)  especially 
attractive  for  certain  space  and  military 
applications  if  the  devices  can  be  made 
sufficiently  tolerant  of  radiation  environ- 
ments. Experiments  performed  on  several 
types  of  buried  channel  devices  have  shown 
that  the  charge  transfer  process  itself  is 
fairly  insensitive  to  irradiation  produced 
interface  state  trapping  and  flat-band 
voltage  shifts  in  devices  having  the 
"proper"  structure.*-  Buried  channel 
devices  have  been  operated  with  acceptable 
transfer  efficiencies  after  exposure  to 
gamma  doses  greater  than  10®  rads. 2 One 
of  the  major  obstacles  to  the  use  of  CCD's 
in  irradiated  systems  is  the  sensitivity 
of  the  electrical  input  to  flat-band 
voltage  shifts.  Even  if  "hard  oxide" 
techniques  can  be  employed  in  the  fabri- 
cation of  CCD's,  a flat-band  voltage  shift 
of  about  lv  will  have  to  be  accommodated 
at  10®  rads  for  the  most  favorable  bias 
condition 

POTENTIAL  EQUILIBRATION  INPUT  TECHNIQUE 

The  "potential  equilibration  input  tech- 
nique", also  known  as  "spill  and  fill"  or 
"charge  extraction",  was  developed  as  a 
lew  noise  CCD  input. ®>5,6  This  method  has 
the  property  of  being  independent  of  the 


flat-band  voltage  if  the  flat-band  voltages 
of  the  input  gate  and  the  first  transfer 
gate  are  equal. 

The  manner  in  which  the  potential  equili- 
bration input  technique  was  operated  on 
the  test  devices  is  shown  in  Fig.  1.  The 
input  diode  (ID)  is  pulsed  to  a low  value, 
Viol,  when  the  voltage  on  the  first  two 
transfer  gates  PI  and  P2  is  high,  inject- 
ing charge  into  the  well  under  PI  and  P2 . 
While  both  transfer  gates  are  still  high, 
the  diode  voltage  is  returned  to  its  high 
level,  Vjqjj,  pulling  the  excess  charge 
from  under  these  electrodes  . The  amount 
of  charge  retained  under  the  first  two 
electrodes  is  proportional  to  the  difference 
in  the  channel  potentials  under  these 
electrodes  and  the  input  gate  (IG).  It 
was  necessary  to  use  the  first  two  trans- 
fer gates  since  the  first  PI  gate  is  much 
narrower  than  the  remaining  transfer  gates 
on  this  particular  device.  Hence,  very 
little  charge  could  be  held  under  it.  See 
Fig.  2.  A typical  transfer  curve  for  the 
150  bit  buried  channel  test  device  is 
shown  in  Fig.  3.  The  threshold  insensitive 
region  of  operation  is  indicated. 

PREDICTED  FLAT-BAND  SHIFT  EFFECTS 

As  a first  order  approximation  the  amount 
of  signal  charge  Injected  into  the  CCD  will 


Fig.  1 Schematic  cross-section  of  the  buried 
channel  shift  register  with  the  buried 
channel  potential  profile  and  the  wave- 
forms employed  in  the  potential  equili- 
bration method. 


Fig.  2 Schematic  top  view  of  the  shift 
register  input  structure. 

be  insensitive  to  flat-band  voltage  shifts 
of  equal  magnitude  under  the  input  and  first 
transfer  gates,  provided  that  the  conditions 
for  proper  operation  of  the  potential  equili- 
bration input  technique  remain  satisfied. 7 
Expressed  in  the  notation  of  Fig.  1 these 


Fig.  3 Transfer  curve  for  the  potential 
equilibration  input  technique. 

conditions  for  a buried  channel  device  are 
®IGL  > VIDL*  ^PIH  > ^IGH’ 

(1) 

VIDL  > ^PIL’  VIDH  > 0IGH- 


where  0n l and  0nn  are  the  maximum  potentials 
in  the  buried  channel  when  the  voltages  on 
the  n'th  gate  are  respectively  low  and  high. 

These  inequalities  may  not  be  satisfied 
after  irradiation  since  the  channel  poten- 
tials, 0,  are  a function  of  the  flat-band 
voltage  while  the  diode  voltages,  V, 
obviously  are  not.  These  inequalities  can 
be  used  to  predict  the  maximum  flat-band 
voltage  shift  which  the  potential  equilibra- 
tion input  can  tolerate  for  a fixed  set  of 
pre-irradiation  clock  and  bias  voltages.  In 
the  case  of  the  n-channel  buried  channel 
test  device,  only  the  last  two  inequalities 
can  be  upset  by  the  irradiation  produced 
flat-band  voltage  shift.  The  one  dimen- 
sional solution  to  Poisson's  equation  for  a 
buried  channel  device  with  a constant  channel 
doping  density  was  used  to  determine  the 
channel  potential  maximum.®  The  pre- 
irradiation value  of  the  terms  in  these  in- 
equalities, listed  in  (2a)  and  (2b),  were 
calculated  using  the  operating  clock  and 
bias  voltages . 
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VIDL  = 16v  > 0P1L  = 11 -6v 


(2a) 


VIDH  = 40v  > 0IGH  " 24 -3v  (2b) 

From  (2a)  it  is  seen  that  when  the  channel 
potential  under  PI  changes  by  44. 4v,  the 
inequality  will  no  longer  be  satisfied.  A 
change  in  channel  potential  of  4...V  for 
this  device  would  result  from  a flat-band 
voltage  shift  of  -4.7v.  In  order  to  in- 
crease the  magnitude  of  the  flat-band 
voltage  shift  for  which  the  inequality  will 
remain  satisfied  one  can  either  increase 
VIDL  or  decrease  0plL.  However,  the  maximum 
signal  charge,  Qmax»  that  can  be  injected  is 
reduced  for  both  options,  since 

Qmax  “ ^PIH  ' VIDL  (3) 

and  0plH  - 0pi^  is  fixed  for  a given  clock 
swing.  Of  course,  increasing  the  clock 
swing  allows  a greater  flat-band  voltage 
shift  to  be  accommodated  for  a given  maxi- 
mum signal  capability. 


(in  this  case  approximately  16v) . The  vol- 
tage drops  across  the  oxide  for  this  worst 
case  are  -5.3v  for  the  4-16v  gate  and  -5.8v 
for  the  +lv  gate.  Since  the  gate  is  biased 
negatively  with  respect  to  the  channel  and 
the  difference  in  the  fields  under  the  input 
and  first  transfer  gates  is  small,  the 
flat-band  voltage  shifts  for  these  adjacent 
gates  should  be  approximately  the  same. 
However,  even  small  differences  in  the  flat- 
band  voltage  shifts  will  result  in  an 
approximately  parallel  shift  of  the  post 
irradiation  curve  in  the  operating  region. 

EXPERIMENTAL  DETAILS 


The  test  device  was  a 150  bit,  four  phase, 
n-buried  channel  shift  register  with  an 
aluminum-anodized  aluminum-aluminum  double- 
levelometallization.l0  The  gate  oxide  was 
1000  ^ and  the  channel  depth  was  either 
1000  A or  6000  A.  The  implanted  dose  was 
1.5xl0l2cm“2  phosphorus.  The  resistivity 
of  the  <100>  orientation  substrates  was  10 
to  70  ohm  cm.  The  transfer  gates  were  30.5 
micrometers  long  and  127  micrometers  wlae. 


Up  to  this  point  it  has  been  assumed  that 
the  flat-band  voltage  shifts  under  the  in- 
put and  first  transfer  gates  are  identical. 
This  assumption  is  reasonable  if  the  oxide 
structure  and  the  electric  field  in  the 
oxide  beneath  both  the  input  gate  and  first 
transfer  gate  are  identical.  The  voltage 
drop  over  the  oxide,  Vox.  in  an  empty 
buried  channel  device  is  given  by^ 


where  q = 1.6x10  C,  Np  is  the  channel 
doping  density,  d is  the  oxide  thickness, 
eox  is  the  dielectric  constant  of  the  oxide, 
t is  thickness  of  the  buried  channel,  NA 
is  the  substrate  doping  density,  es  is  the 
dielectric  constant  of  the  silicon  and  0C 
is  the  channel  potential  at  the  p-n  junction. 
0C  is  related  to  the  maximum  channel  poten- 
tial by 

Na 

^max  = 0c(l  + nD  ) (5) 

Ihe  greatest  difference  in  the  potentials 
under  the  input  and  first  transfer  gates 
occurs  when  the  first  transfer  gate  returns 
to  its  lew  value  (in  this  case  lv) , while 
the  input  gate  is  biased  for  zero  signal 


The  shift  registers  were  operated  using 
the  double  clocking  scheme  at  500  kHz.33  The 
clock  swing  was  from  1 to  16V  with  a 50% 
duty  cycle.  The  buried  channel  was  kept 
depleted  by  applying  26.4v  to  the  reset 
drain.  The  reset  pulse  swing  was  from  0 
to  8v.  The  on-chip  output  amplifier  was 
operated  as  a source  follower  with  a drain 
voltage  of  41v.  The  10  kilohm  source 
follower  resistor  was  connected  to  + llv. 

The  substrate  was  held  at  Ov.  The  output 
gate  voltage  was  4-  4v. 

The  potential  equilibration  input  was 
characterized  by  means  of  a transfer  curve. 
An  electrometer  was  inserted  in  the  reset 
drain  line  and  its  output  was  fed  into  the 
Y axis  of  an  XY  recorder.  The  input  gate 
voltage  was  applied  to  the  X axis.  The 
reset  drain  current  was  measured  to  avoid 
the  effects  of  the  radiation  on  the  output 
amplifier.  All  transfer  curves  were  taken 
with  Vjdh  = 40v  and  Vjol  = 36v- 

Four  devices  were  irradiated  in  the  NRL 
Cobalt  60  gamma  ray  source  while  being 
operated  as  shift  registers  with  normal 
clock  and  bias  voltages.  The  input  gate 
was  held  at  + 15v  during  the  irradiation 
except  when  a burst  of  eight  full  well 
signals  were  inserted  every  256  clock 


periods  as  a check  for  proper  operation  of 
the  device.  Transfer  curves  were  taken 
after  each  dose  increment.  The  displacement 
effects  due  to  increased  output  diode  leak- 
age and  dark  current  were  subtracted  out. 

The  hlghese  dose  rate  employed  was  4. Ax  1<P 
rads  (Si)  per  minute. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

A series  of  potential  equilibration  input 
transfer  curves  were  taken  prior  to  irradia- 
tion in  which  a flat-band  voltage  shift  was 
simulated  by  applying  positive  offset  vol- 
tages to  all  the  CCD  gates.  In  the  operat- 
ing region  the  transfer  curves  were  insen- 
sitive to  offset  voltages  of  up  to  +4v. 

The  transfer  curves  for  the  potential 
equilibration  input  as  a function  of  total 
dose  are  shown  in  Fig.  4. 


INPUT  GATE  SIGNAL  IVOLTS) 


Fig.  4 Potential  equilibration  input 
transfer  curves  as  a function  of  total 
dose. 

The  signal  charge  injected  for  a given  gate 
voltage  was  insensitive  to  threshold  vol- 
tage shifts  up  to  -3.6v  (4x10^  rads  Si). 

The  increase  in  the  maximum  charge  handling 
capability  of  the  input  as  a function  of 
dose  can  be  explained  by  referring  to 
equation  (3).  The  flat  band  voltage  shift 
increases  the  channel  potential  0pijj  and 
decreases  the  gate  voltage  for  which 
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0IGL  * VIDL-  The  threshold  voltage  shifts 
were  obtained  from  the  dynamic  current  in- 
jection input  transfer  curves  shown  in  Fig 
5. 


INPUT  GATE  SIGNAL  (VOLTS! 


Fig.  5 Dynamic  current  Injection  input 
transfer  curves  as  a function  of  total 
dose. 

Threshold  shifts  of  lers  than  one  volt 
caused  the  dynamic  current  Injection  trans- 
fer curve  to  be  shifted  completely  out  of 
the  pre-irradiation  operating  range  while 
the  potential  equilibration  input  charac- 
teristics remained  unchanged  even  after  a 
-3.6v  threshold  shift.  Experimentally  it 
has  been  observed  that  the  threshold  vol- 
tage shifts  measured  by  the  dynamic  injec- 
tion input  are  approximately  equal  to  the 
flat-band  voltage  shifts  measured  by  the 
1MHz  CV  technique,  for  a buried  channel 
device. ^ At  7xlCr  rads,  the  threshold 
voltage  shift  was  -5.lv,  making  0pix  equal 
to  16. 6v.  As  expected,  the  transfer  curve 
for  VjDL  = 16v  shown  in  Fig.  6 no  longer 
falls  on  the  pre- irradiation  curve  for  high 
gate  voltages.  The  predicted  threshold 
shift  tolerance  (-4.7v),  falls  within  the 
range  of  the  observed  values  (-3.6v  to  -5.lv). 
If  the  inequality  Vjdl  > 0plL  i»  restored  by 
increasing  Vjdl  to  +17v,  the  post  irradia- 
tion curve  is  brought  more  nearly  into  coin- 
cidence with  the  zero  rad  curve.  See  Fig.  7. 
The  effect  of  not  satisfying  the  condition 
Vjdl  < 0pil  is  further  illustrated  in  Fig.  8. 


INPUT  GATE  SIGNAL  (VOLTS) 


Fig.  6 Comparison  of  the  potential  equili- 
bration input  transfer  curves  at  zero  rads 
to  the  curve  at  7x10^  rads. 


INPUT  GATE  SIGNAL  (VOLTS) 


Fig.  7 Comparison  of  transfer  curve  at 
zero  rads  with  Vjdl  = 1&V  to  the  curve  at 
7xl( r rads  with  Vjdl  = 17v. 

At  10^  rads  Si(AVx  “ -6.5v),  0 pjl  has  a 
value  of  17. 4v  and  the  input  characteris- 
tics are  severely  distorted  for  Vjdl  = 16v. 


INPUT  GATE  SIGNAL  (VOLTS) 

Fig.  8 Comparison  of  transfer  curves  at 
1CP  rads  (Si)  as  a function  of  Vjdl  to 
the  zero  rad  curve. 

Increasing  the  input  diode  lew  voltage  to 
+18v  restores  the  transfer  curve  to  its 
pre-irradiation  value  in  the  operating 
region.  The  tradeoff  involved  in  using  a 
larger  input  diode  l<w  voltage  to  increase 
the  threshold  voltage  is  a reduced  signal 
handling  capability.  At  zero  rads  the 
maximum  signal  for  Vjdl  = 18v  was  65%  of 
the  7x10^  electron  capacity  for  Vjdl  = 

CONCLUSIONS 

The  potential  equilibration  input  has 
been  shown  to  be  insensitive  to  irradiation 
produced  input  threshold  voltage  shifts  of 
equal  magnitude  under  the  input  and  first 
transfer  gates  provided  that  the  conditions 
for  the  proper  operation  of  the  input  remain 
satisfied.  If  CCD's  can  be  fabricated  with 
hardened  oxides,  this  input  method  would  be 
insensitive  to  the  flat-band  voltage  shift 
produced  by  a megarad  dose. 
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RADIATION  HARDNESS  OF  SURFACE  AND  BURIED  CHANNEL  CCDs" 
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ABSTRACT.  A series  of  radiation  tests  have  been  performed  to  determine  the  effects  of 
gamma,  pulsed  electron  beam,  and  neutron  radiation  on  several  variations  of  double  level 
electrode  surface  and  buried  channel  CCD  structures.  The  test  samples  were  characterized 
In  terms  of  leakage  current,  well  capacity,  noise  spectrum,  and  linearity  of  the  CCDs  and 
plus  leakage,  capacitance,  and  threshold  voltage  of  HOSFETs  and  gated  diodes  on  the  CCD 
chip  before  and  after  exposure.  The  latest  group  of  tests  included:  I)  Neutron  total 
fluence  effects  tests  at  levels  of  10  to  10*3  neut rons/cm^.  2)  Total  gamma  dose  effects 
tests  at  dose  levels  of  10**  to  3 x 10^  rad  from  Co  . 3)  Low  rate  gamma  response  tests  at 
rates  of  5 to  100  rad/sec.  4)  High  dose  rate  pulse  survival  and  recovery  time  tests  using 
100  ns  Linac  electron  beam  pulses  at  dose  rates  of  109  to  lo"  rad/sec.  The  results  to 
date  from  examination  of  the  test  data  are  reported.  Results  from  these  tests  include  a 
comparison  of  the  gamma  total  dose  effects  on  aluminum  gate  and  poly-silicon  gate  devices, 
neutron  total  dose  effects,  and  photo  current  generation  rates  for  Co^O  gamma  radiation. 

INTRODUCTION 


Many  military  and  space  applications  of 
CCDs  will  require  operation  in  nuclear  rad- 
iation environments.  A series  of  radiation 
tests  have  been  performed  to  determine  the 
effects  of  total  gamma  dose,  low  dose  rate 
gamma,  high  dose  rate  pulsed  electron  beam, 
and  fission  spectrum  neutron  radiation  on 
several  variations  of  double  level  elec- 
trode surface  and  buried  channel  CCD  struc- 
tures. Both  aluminum  gate  and  poly-silicon 
gate  devices  were  included  in  the  latest 
tests. 

The  CCD  chip  used  for  the  test  samples 
contains:  (1)  a 150  bit  40  overlapping  gate 
CCD  with  a precharge  diffusion/source  follower 
output,  (2)  an  H0S  gated  diode  and  capacitor 
(3)  a short  channel  M0SFET,  and  (4)  a field 
oxide  M0SFET.  The  test  samples  included 
aluminum  and  polysilicon  gate  devices  from 
the  same  processing  lot,  devices  with  gate 
oxide  through  which  ions  had  been  implanted 
and  devices  which  had  a new  gate  oxide 
grown  after  ion-implantation.  The  gate 
oxide  for  all  devices  was  grown  dry  at 

iooo’c. 
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Detailed  electrical  characterization 
of  the  test  samples  was  done  before  and 
after  irradiation  on  each  sample.  The 
measurements  made  are  listed  in  Table  I. 

The  variation  of  CCD  leakage  with  tempera- 
ture for  a typical  device  before  irradia- 
tion was  measured  from  -I5*C  to  +75*C  and 
found  to  vary  linearly  with  temperature, 
doubling  for  approximately  each  80  C tem- 
perature increase.  Analysis  of  the  measure- 
ment data  after  irradiation  is  still  in 
progress.  Descriptions  of  the  radiation 
tests  and  the  results  obtained  to  date  are 
discussed  in  the  remainder  of  this  paper. 

NEUTRON  EFFECTS  TESTS 

The  neutron  total  fluence  test  expo- 
sures were  made  at  the  Fast  Burst  Reactor 
(FBR)  at  the  Nuclear  Effects  Laboratory 
at  White  Sands  Missile  Range.  The  test 
levels  were  1.3  x 10*1,  1.4  x 1012,  and 
1.0  x 10*3  neutrons/cm^,  and  one-third 
of  the  test  samples  were  exposed  to  each 
of  the  levels.  The  corresponding  gamma 

ics  Laboratory,  Wright  Patterson  Air  Force 
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dose  exposures  were  40,  250,  and  950  rad  (Si). 
For  the  1 0 ' 3 n/cm^  exposure,  a 10  cm  thick 
lead  shield  was  used  to  reduce  the  gamma 
dose  level  below  lo3  rad.  Sulfur  pellets 
were  used  for  the  neutron  dosimetry  and 
TLD-400  for  the  gamma  dosimetry. 

To  reduce  the  effects  of  the  small, 
unavoidable  gamma  exposure  on  the  neutron 
test  devices,  all  samples  were  irradiated 
under  zero  bias  conditions.  This  was 
achieved  by  shorting  the  leads  of  the  test 
samples  together  by  means  of  a layer  of 
conductive  foam.  This  also  protected  the 
devices  from  any  damage  due  to  possible 
EMP  effects  during  the  reactor  pulse  trans- 
ient. 

Twenty-one  test  samples  were  used  for 
the  neutron  tests,  including  nine  SC  alum- 
inum gate  samples,  nine  BC  aluminum  gate  sam- 
ples, and  three  SC  polysilicon  gate  devices. 

NEUTRON  TEST  RESULTS 

The  analysis  of  the  neutron  test  results 
to  date  has  shown  no  unexpected  effects  on 
CCD  operation  from  neutron  irradiation.  As 
shown  in  Figure  1,  the  integrated  CCD  leak- 
age current  increases  nearly  linearly  with 
increasing  fluence  in  the  1 0 ' • to  10'3 
neutrons/cm^  range.  The  leakage  increased 
by  approximately  a factor  of  six  for  each 
decade  Increase  in  fluence  for  both  BC  and 
SC  samples.  The  gated  diode  leakages  as 
a function  of  gate  voltage  for  these  sam- 
ples were  examined  to  determine  the  source 
of  this  leakage  Increase.  The  changes  of 
the  bulk  and  surface  components  are  plotted 
In  Figure  2 for  buried-channel  samples  and 
In  Figure  3 for  surface-channel  samples. 

From  these  curves,  it  can  be  seen  that  the 
bulk  component  of  leakage  increases  rapidly 
with  neutron  fluence,  but  the  surface  com- 
ponent increases  only  slightly.  It  is  pro- 
bable that  the  increase  in  surface  component 
is  due  to  the  small  gamma  dose  received 
with  the  neutron  exposure.  If  the  change 
in  leakage  with  gamma  dose  shown  in  Figure  9 
Is  extrapolated  to  lower  dose  levels,  the 
values  of  surface  leakage  current  obtained 
are  of  the  same  order  as  seen  in  Figure  2. 

The  changes  in  charge  transfer  ineffi- 
ciency (CTI)  with  neutron  fluence  for  typi- 
cal SC  and  BC  devices  operated  with  fat 
zero  are  shown  in  Figure  4.  For  the  lo'3 
n/cnr  fluence  samples  it  is  seen  that  the 
CTI  for  BC  devices  is  increased  much  more 
than  for  SC  devices.  This  result,  together 


with  the  leakage  current  data,  shows  that 
the  neutron  irradiation  produces  mainly 
bulk  crystal  damage  and  causes  relatively 
small  amounts  of  oxide  charge  buildup  and 
surface  state  increase.  The  threshold 
voltage  shifts  which  were  less  than  0.5  volt 
also  indicate  that  very  little  oxide  charge 
increase  was  caused  by  the  neutron  irradia- 
tion. No  significant  differences  have  been 
seen  between  the  aluminum  gate  and  poly- 
silicon gate  samples  in  regard  to  the  effects 
of  neutron  exposure. 

LOW  DOSE  RATE  GAMMA  EFFECTS  TESTS 


The  low  dose  rate  gamma  tests  were 
made  at  the  Co^O  gamma  facility  at  Sandia 
Labs  in  Albuquerque.  The  minimum  rate 
achievable  with  this  source  was  5 rad/sec, 
so  the  tests  were  made  at  dose  levels  of  5, 
15,  and  100  rad/sec,  instead  of  the  1,  10, 
and  100  rad/sec  levels  originally  planned. 

The  dose  rates  were  determined  by  TLD-400 
dosimetry. 

The  samples  used  in  these  tests  were 
six  BC  samples  and  six  SC  samples,  including 
both  aluminum  and  polysilicon  gate  devices. 
The  samples  were  operated  during  irradiation 
in  a test  fixture  that  allows  six  test  CCDs 
to  be  operated  simultaneously.  The  clocks 
and  input  signals  are  provided  to  all  six 
samples  in  parallel  through  coaxial  cables 
from  clock  and  signal  generation  electronics 
located  outside  the  radiation  chamber.  The 
individual  CCD  outputs  can  be  selected  one 
at  a time.  The  clock  generator  logic  allows 
the  test  set  to  be  operated  In  either  the 
integrate  and  shift-out  mode  or  the  contin- 
uous clocking  mode.  For  the  gamma  rate 
response  tests,  the  samples  were  operated 
in  the  integrate  mode  with  the  integration 
time  at  each  dose  rate  selected  to  provide 
an  output  signal  large  enough  for  accurate 
measurement,  but  not  so  large  as  to  fill 
the  well. 

The  results  of  these  measurements  are 
shown  for  three  typical  BC  and  three  typical 
SC  samples  in  Figures  5 and  6.  These  figures 
show  the  time  required  to  completely  fill 
the  CCD  well  versus  the  dose  rate.  The  times 
shown  are  extrapolated  from  the  measured  data 
The  variation  between  samples  was  due  mainly 
to  differences  in  full  well  capacity.  Typi- 
cal times  range  from  50  msec  at  5-5  rad/sec 
to  5 msec  at  100  rad/sec.  This  corresponds 
to  generation  rates  of  3*1  x 10*3  electrons/ 
rad-cm3  at  5.5  rad/sec  to  1.87  x lo'3  elec- 
trons/rad-cm3  at  100  rad/sec,  based  on  an 
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estimated  collection  volume  of  7.86  x 10  ^ 
cm3. 

CAMMA  TOTAL  DOSE  TESTS 

The  gamma  total  dose  tests  were  also 
made  using  the  Co°°  gamma  facility  at  Sand i a 
Labs.  Dose  rates  used  for  the  total  dose 
test  ranged  from  100  to  230  rad/sec.  Ex- 
posure levels  were  determined  by  TLD-400 
and  Cobalt  Glass  dosimetry.  Table  2 summarizes 
the  tests,  showing  the  number  and  type  of 
samples  irradiated  to  each  level  and  the 
dose  levels  at  which  data  were  taken  for 
each  group. 

The  same  test  set  was  used  for  these 
tests  as  was  used  for  the  low  rate  gamma 
test.  During  exposure,  all  the  devices 
were  run  in  the  normal  clocking  mode  with 
the  common  input  level  set  so  that  all 
samples  were  operating  at  a charge  level 
lower  than  full -well.  The  input  level  was 
set  this  way  so  that  the  BC  units  would 
be  operating  in  the  buried-channel  mode,  as 
is  necessary  to  reduce  oxide  charge  build- 
up effects.  Any  one  of  the  six  CCD  outputs 
could  be  selected  and  observed  by  means  of 
reed  relay  switches  and  a return  cable 
driver  in  the  test  fixture.  Before  exposure 
and  at  each  of  the  intermediate  levels,  the 
following  CCD  parameters  were  measured  with 
the  radiation  off:  (1)  input  diode  threshold 
level,  (2)  charge  transfer  efficiency,  (3) 
integrated  CCD  leakage  current,  and  (4)  out- 
put dc  voltage  level. 

The  CCDs  were  operated  with  normal 
bias  and  continuous  clocking  during  irrad- 
iation. The  clock  voltage  levels  for  all 
the  active  tests  were  0 and  +12  volts.  For 
the  other  tests  devices,  the  source  and 
drain  diffusions  were  reverse-biased  with 
+20  volts,  and  a 0 to  +12  volt  50%  duty 
cycle  pulse  was  applied  to  all  gates  except 
the  gate  of  the  field  oxide  transistor, 
which  was  connected  to  +28  volts. 

GAMMA  TOTAL  DOSE  TEST  RESULTS 

Analysis  to  date  of  the  data  from  the 
post-exposure  measurements  of  the  gamma 
test  samples  showed  that  the  results  for 
BC  devices  are  similar  to  those  from  the 
earlier  tests.  The  most  serious  degradation 
from  gamma  radiation  is  the  very  large  leak- 
age current  increase  and  the  resulting  re- 
ductions in  storage  time  and  dynamic  range 
and  increase  in  noise.  One  new  result  from 
these  tests  is  that  this  leakage  increase  is 


large  even  at  low  dose  levels,  as  seen  in 
Figure  7.  The  leakage  for  sample  130-4-89, 
which  initially  was  2.0  nA/cm^,  increased  to 
1 60  nA/cm^  at  3 x 10’  rad  and  to  385  nA/cm^ 
at  105  rad.  At  the  10°  rad  level,  the 
leakage  was  measured  with  the  substrate 
voltage  first  at  0 volt  as  at  the  lower 
dose  levels,  and  then  at  a positive  sub- 
strate bias  to  reduce  the  potential  differ- 
ence between  the  channel  and  the  channel 
stop.  It  can  be  seen  that  this  reduced  the 
leakage  by  nearly  50%.  It  was  then  decided 
to  run  the  next  group  of  samples  at  a posi- 
tive substrate  bias(relat) ve  to  the  low 
clock  level)  during  exposure.  The  result 
of  this  change  is  illustrated  by  the  curve 
for  sample  130-4-88.  The  leakage  current 
increase  was  significantly  less  at  3 x 10’ 
and  I05  rad,  but  at  3 x 105  rad  and  higher 
it  was  equal  to  the  zero  substrate  bias 
case. 

The  limitations  that  leakage  currents 
of  this  magnitude  impose  on  a given  system 
depend,  of  course,  on  the  particular  system 
requirements  for  storage  time,  dynamic 
range,  and  noise.  However,  the  leakage 
levels  seen  even  at  105  rad  are  too  high 
for  many  applications.  Figure  8 is  a series 
of  curves  obtained  by  combining  the  measured 
effects  of  photocurrent  resulting  from  a 
background  level  of  gamma  radiation  and  the 
leakage  caused  by  the  permanent  damage 
effect  of  the  accumulated  gamma  radiation 
dose.  The  curves  give  the  calculated  time 
to  reach  a level  of  10%  of  full-well  for  a 
typical  BC  sample.  That  Is,  if  a maximum 
leakage  generated  charge  of  10%  of  a full 
signal  charge  is  allowed,  the  times  shown 
are  the  maximum  time  that  a given  Information 
bit  can  be  stored  in  the  CCD.  The  10%  full- 
well  criterion  is  too  high  for  most  analog 
applications,  but  might  be  allowable  in  a 
digital  memory.  For  the  case  of  zero  back- 
ground radiation,  a dose  of  10&  rad  reduces 
the  storage  time  at  room  temperature  from 
more  than  one  second  to  3.2  msec.  At  back- 
ground radiation  levels  of  about  15  rad/sec, 
the  leakage  due  to  photocurrent  is  about  equal 
to  that  caused  by  10°  rad  accumulated  dose, 
and  at  higher  background  levels  the  photo- 
current  component  is  dominant. 

The  leakage  current  versus  gate  voltage 
characteristics  of  the  gated  diodes  were 
studied  to  determine  the  source  of  this 
radiation-induced  leakage.  The  typical 
variation  of  the  surface  and  bulk  components 
of  leakage  for  these  samples  is  shown  in 
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Figure  9.  Before  irradiation,  both  compo- 
nents were  about  I pA,  but  after  10-*  rad  the 
surface  component  had  increased  about  75  times 
while  the  bulk  component  had  only  doubled. 

The  gated  diode  leakage  vs  gate  voltage  plots 
of  Figures  10  and  II  show  the  very  large  in- 
creases in  total  leakage  as  the  gate  voltage 
goes  positive  that  were  seen  on  devices  from 
the  earlier  tests.  At  the  3 x 10&  level  this 
leakage,  which  is  thought  to  be  due  to  break- 
down caused  by  high  surface  fields  at  the 
channel  stop  junction,  is  so  large  that  it 
nearly  obscures  the  leakage  step  due  to 
depletion  of  the  surface.  A more  detailed 
investigation  of  the  nature  and  cause  of  the 
effect  is  being  performed. 

The  change  in  charge  transfer  ineffi- 
ciency with  ganma  dose  for  these  test  sam- 
ples was  similar  to  earlier  results.  Fig- 
ure 12  shows  results  for  typical  samples. 
Again,  there  was  considerable  variation 
from  sample  to  sample  in  CTI,  as  in  the 
last  tests.  The  only  difference  seen  so 
far  between  aluminum  and  polysilicon  metalli- 
zation is  a larger  Vf  shift  with  the  poly- 
silicon gate  for  gamma  radiation.  For  the 
gate  oxide  MOSFET  after  10°  rad  the  typical 
AVj  for  aluminum  was  2.5  volts,  and  for 
polysilicon  it  was  4.5  volts. 

HIGH  DOSE  RATE  IONIZING  PULSE  RECOVERY  TESTS 

The  high  dose  rate  ionizing  pulse  re- 
covery tests  were  made  on  the  linac  at  WSMR 
operating  in  the  direct  electron  beam  mode. 

The  tests  were  made  in  the  same  way  as  in 
the  previous  series,  but  the  new  test  fix- 
ture permitted  closer  approach  of  the  sample 
to  the  Linac  exit  window  so  that  the  maximum 
dose  rate  achieved  was  10**  rad/sec.  The 
electron  energy  was  20  HeV  and  the  pulse 
width  was  100  nsec.  Series  current-limiting 
resistors  of  100  to  200  Q were  placed  in 
each  of  the  CCD  supply  leads. 

Seven  samples  were  tested,  including 
surface  and  buried-channel  devices  and 
aluminum  and  silicon  gate  devices.  The 
test  data  have  not  yet  been  completely 
analyzed,  but  no  evidence  has  Deen  found  of 
the  thermal  damage  that  was  seen  in  the 
previous  test  when  no  current-limiting 
resistors  were  used.  The  time  required  for 
the  output  circuit  to  return  to  normal 
operating  levels  and  to  remove  the  full  wells 
of  photo  current  from  the  CCD  channel  was 
from  250-300  psec  at  a clock  rate  of  1 MHz. 


SUMMARY  OF  RESULTS  TO  DATE 

The  main  effect  of  neutron  exposure  in 
the  10**  to  10*3  neutrons/cm^  range  is  an 
Increase  in  the  bulk  component  of  leakage, 
which  apparently  is  due  to  lattice  displace- 
ment damage.  Above  10*2  neutrons/cm2  this 
damage  also  significantly  degrades  the 
charge  transfer  efficiency  of  buried-channel 
CCDs. 

Photon-generated  charge  from  continuous 
gamma  radiation  was  found  to  fill  the  wells 
of  BC  devices  in  times  ranging  from  about 
50  msec  at  5.0  rad/sec  to  5 msec  at  100  rad/ 
sec. 

The  total  gamma  dose  effects  results 
that  have  been  analyzed  are  similar  to 
those  from  earlier  tests,  with  the  new 
result  that  the  surface  leakage  buildup  is 
large  enough  to  seriously  affect  storage 
times  even  at  doses  as  low  as  3 x lO*1  rad. 
The  recovery  times  seen  in  the  high  dose 
rate  transient  tests  were  from  250  to  300 
usee  for  a clock  rate  of  I MHz.  By  use  of 
current-limiting  resistors,  thermal  damage 
from  photocurrent  can  be  prevented  for 
dose  rates  up  to  at  least  10**  rad/sec  for 
100  nsec  pulses. 

The  only  significant  difference  found 
between  aluminum  and  polysilicon  gates  is 
a larger  threshold  voltage  shift  with  poly- 
silicon  from  gamma  dose  effects. 


Figure  1 Typical  CCD  Integrated 

Leakage  vs  Neutron  Fluence 
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Figure  10  Plot  of  Gated  Diode  Leakage 

vs  Gate  Voltage  for  BC  Sample 
After  10°  Rad.  Vertical 
scale  Is  100  pA/mark;  hori- 
zontal scale  is  2.0  volts/mark 


Figure  11  Plot  of  Gated  Oiode  Leakage 
vs  Gate  Voltage  for  BC 
Sample  After  3 x 10^  Rad. 
Vertical  scale  is  25,000 
pA/mark  for  Vq  > 1 1 volts, 
2500  pA/mark  for  11  volts 
< Vq  < 18  volts,  and  250 
pA/mark  for  Vq  < 18  volts. 
Horizontal  scale  is  2.0 
vo I ts/mark. 


Figure  12  Charge  Transfer  Inefficiency 
vs  Gamma  Dose  for  Typical 
BC  CCDs 


TABLE  I 

Test  Sample  Characterization 


Measurement 

Integrated  Leakage  Current 

Leakage  Versus  Gate  Voltage 

Charge  Transfer  Efficiency 

Channel  Current  Versus  Gate 
Voltage 

Threshold  Voltage 

Harmonic  Distortion 

Output  Detector  Current/ 
Voltage 

Output  Noise  Versus  Frequency 
Diode  C-V 


Test  Device 
CCD 

Gated  Diode 
CCD 

CCD 

CCD  and 
MOSFET 

CCD 

CCD 

CCO 

Gated  Diode 


Parameters  Sought 
CCD  Leakage  Current 

MOS  Capacitor  IL,  t guf k'  S0’  and  NSS 
No  Fat  Zero  CTE,  Fat  Zero  CTE 

Surface  and  Bulk  Mobility 

VT  and 

CCD  Linearity 

CCO  Full  Well  Capacity  and  Output 
Detector  Transfer  Curve 

Spectral  Noise  Density 

Pinch-Off  Voltage  and  Oxide  Thickness 


TABLE  2 

Summary  of  Gamma  Total  Dose  Test  Units  and  Dose  Levels 


Total  Dose  (rad) 
3 x I06 


10° 


103 


10 


103 


3 X 103 


10 


,4 


Test  Samples 

4 At 
2 Si 

4 At 

2 Si 

4 At 
2 Si 

4 At 

2 Si 

3 SC 
3 SC 
3 SC 


Data  Points  (radl 


Gate 

Gate 

BC 

BC 

0, 

3 x 

1o\ 

>05. 

3 X 

io5. 

IO5 

Gate 

Gate 

BC 

BC 

o. 

3 x 

■o\ 

10s. 

3 x 

io5. 

I06 

Gate 

Gate 

BC 

BC 

o. 

I05 

Gate 

Gate 

BC 

BC 

o. 

I06 

0,  103 
0,  3 x 105 
0,  104 
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ABSTRACT.  Experimental  results  are  presented  on  the  operation  of  bulk  (peristaltic)  and 
surface  channel  silicon  CCD’s  at  cryogenic  temperatures.  The  transfer  inefficiency  of  both 
devices  exhibited  a similar  pattern  as  a function  of  temperature  between  300°K  and  30°K 
namely  a broad  curve  with  a minimum  around  7T°K.  At  that  temperature  the  transfer 
inefficiency  per  cell  of  the  two  devices  was  measured  to  be  f(PCCD)  = 5.5  x 10'“  and 
€(SCCD)  = 4 x 10  . The  bulk  channel  CCD  exhibited  a sharp  transition  in  transfer  ineffi- 

cienc^  at  the  onset  of  freeze-out,  increasing  from  ( = 1 x 10'3/cell  at  30°K  to  €=  lx  10'2 
at  18  K and  then  leveling  off  to  « = 2 x 10'2  at  4.8°K.  The  surface  channel  CCD  did  not 
show  a freeze-out  transition  in  transfer  inefficiency,  rather  it  increased  slowly  to  a 
value  of  < = l.k  x 10  J at  5°K. 


I . INTRODUCTION 

The  low  temperature  operation  of  silicon 
charge  coupled  devices,  in  the  range 
between  5 K and  80°K,  is  a critical  factor 
in  the  utilization  of  CCD’s  in  infrared 
systems  (l],  The  temperature  of  operation 
of  Infrared  Charge  Coupled  Devices  (IRCCD) 
is  a function  of  a number  of  factors:  the 
type  of  CCD,  the  wavelength  region  of 
interest,  the  IR  detector  material,  the 
sensitivity  requirements,  etc. 

Infrared  CCD’s  (IRCCD1 s)  fall  into  two 
categories:  monolithic  and  hybrid.  The 
monolithic  IRCCD  concept  generally  uses 
the  standard  CCD  structure  with  the  sub- 
strate consisting  of  a narrow  bandgap  or 
an  extrinsic  semiconductor  sensitive  to  IR 
radiation.  In  the  extrinsic  semiconductor 
substrate  case  the  photogeneration  is  an 
extrinsic  process  where  only  the  majority 
carriers  are  mobile . The  temperature  of 
operation  must,  therefore,  be  kept  in  the 
neighborhood  of  freeze-out  or  below  to 
minimize  the  dark  current.  With  silicon 
being  used  for  the  substrate,  that  temper- 
ature can  vary  depending  on  the  wavelength 
region  of  interest  from  15°K  for  Si :As 
with  Ac0  at  2b  fj m to  50°K  for  Si:In  with 
^co  ~ 8 ^m.  The  CCD  operation  in  this 
case  can  be  either  in  the  accumulation 


mode  [ 2 ] if  the  same  elements  are  used  for 
detection  and  readout  or  inversion  mode  if 
the  detection  and  readout  functions  are 
separated  but  still  integrated  on  the  same 
chip. 

The  hybrid  IRCCD  consists  of  the  coupling 
of  any  one  of  various  types  of  IR  photo- 
detectors to  a silicon  CCD  shift-register 
unit.  In  the  hybrid  structure,  the 
functions  of  detection  and  signal  process- 
ing are  performed  in  distinct  but  inte- 
grable  components.  The  role  of  the 
silicon  CCD  in  this  case  is  that  of  a 
signal  processor  performing  appropriate 
functions,  such  as  multiplexing,  amplifi- 
cation, correlation,  delay-and-add,  etc. 
The  temperature  of  operation  is  once  again 
dictated  by  the  detector  requirements  and 
could  fall  anywhere  from  5°K  to  ~ 200°K. 

Since  on  the  one  hand  the  great  majority 
of  detectors  are  operated  at  ~ 8o°K  or 
below  and  on  the  other  hand  the  most 
important  questions  to  be  resolved  lie  in 
the  operation  in  the  freeze-out  region, 
we  have  concentrated  our  investigation  of 
the  low  temperature  CCD  operation  to  the 
5°K  to  8o°K  temperature  range. 
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II.  DEVICE  STRUCTURE  AND  OHSRATION  inefficiency  per  cell  of  this  particular 

PCCD  was  £ - 1.2  x 10" 3.  It  should  be 

Both  bulk  channel  and  surface  channel  CCD's  pointed  that  since  our  investigation  was 

were  investigated.  The  epitaxial  bulk  of  a general  nature,  no  effort  was  made  to 

(peristaltic)  channel  CCD  (PCCD)  [3],  [M  choose  devices  with  maximum  performance  [6]. 

with  its  high  frequency  of  operation  is  of  At  liquid  nitrogen  temperature,  7T°K,  the 

great  interest  for  large  IB  focal  plane  transfer  inefficiency  has  decreased  to 

arrays  where  a high  data  rate  is  required  e = 5.5  x 10”1*.  For  temperatures  between 

for  the  readout  of  all  detectors  in  one  77°K  and  30°K,  the  pattern  is  reversed  with 

frame  time.  The  PCCD  used  is  an  n-channel  the  transfer  inefficiency  now  slowly 

epitaxial  ion  implanted  device  of  130  cells  increasing  with  decreasing  temperature.  At 

with  an  0.8  x 10  mil2  cell  size  (see  Fig.l).  30°K  the  transfer  inefficiency  is  £ = lx 

The  p-type  substrate  has  a doping  of  5 x 10”3,  which  is  approximately  the  same  value 

lO^V cm^  -the  5 nm  thick  epitaxial  layer  as  at  room  temperature . Below  30°K,  the 

is  doped  at  1 x lO^/cm’.  The  driving  gate  transfer  inefficiency  increases  abruptly, 

system  consists  of  a two-level  overlapped  an  order  of  magnitude  over  a range  of  ten 

A / structure  with  a silox  intergate  isola-  degrees  to  £ = 1 x 10  at  18°K.  Finally, 

tion  layer.  A cross-section  of  the  device  below  18°K,  £ continues  to  increase  but 

is  shown  in  Fig.  2.  The  high  frequency  much  more  gradually  and  it  approaches  what 

room  temperature  operation  of  this  device  appears  to  be  a saturation  level  of 

is  discussed  by  Y.  T.  Chan  et  al  [4],  who  2 x 10"2  at  4.8°K. 

report  a present  high  frequency  limit  of 

105  MHz.  The  major  factor  contributing  to  the  trans- 

fer inefficiency  of  a peristaltic  CCD  are 
The  surface  channel  CCD  (SCCD)  is  a p-chan-  the  bulk  traps  [7].  To  measure  the  trap 

nel  device  [5]  with  100  cells  and  8 input  emission  time  constant  charge  is  first 

taps  spaced  every  12  cell,  as  shown  in  introduced  into  the  CCD  to  fill  all  the 

Fig.  3.  The  taps  are  designed  for  the  traps.  A second  charge  packet  is  intro- 

coupling  of  IR  detectors  in  a hybrid  IRCCD  duced  after  a variable  time  interval,  At . 

structure.  The  channel  width  is  2 mils  and  The  output  corresponding  to  the  second 

the  cell  size  1x2  mils^.  The  gate  struc-  packet  will  be  a function  of  the  number  of 

ture  is  the  same  as  for  the  PCCD  described  traps  empty  at  time  4t  and  thus  capable  of 

above,  namely  two-layer  overlapping  A 1 capturing  charge:  A = Aq  e”^  'Te.  The 

gates.  The  substrate  doping  is~lx  KT'/cm  . output  signals  for  various  time  Intervals 

are  shown  in  Figure  6 (left  hand  axis)  for 
III.  EXIERIMEHTAL  RESULTS  the  PCCD  operated  at  80°K  and  clocked  at 

10  KHz.  The  trap  emission  time  constants 

For  the  low  temperature  operation,  the  are  obtained  by  plotting  t n ( Aq/ A ) vs  At  on 

devices  were  placed  inside  a dewar  and  the  same  graph  (right  hand  axis).  A value 

connected  via  an  "umbilical"  cord  to  a rack  for  Ao  of  55  mV  is  obtained  by  extrapo- 

containing  the  CCD  electronics  (see  Fig.  1) . lating  the  curve  to  the  origin.  A time 

The  operating  temperature  was  varied  constant  with  an  apparent  value  of  0.26 

through  the  use  of  refrigerants  with  dif-  mV  is  calculated  from  the  data.  At  room 

ferent  boiling  points  (helium,  neon,  and  temperature,  only  one  time  constant  was 

nitrogen)  and  a heater  located  on  the  cold  found  [4]  with  a value  of  0.55  ms  was 

finger.  The  temperature  was  monitored  with  found  for  the  same  device, 

a calibrated  temperature  sensitive  resistor. 

The  operating  voltages  for  either  devices  The  transfer  inefficiency  of  the  SCCD  is 

did  not  change  greatly  with  temperature,  shown  as  a function  of  temperature  in 

the  only  exception  being  the  output  reset  Fig.  6.  Between  300  K and  30°K,  the 

FET  which  below  freeze-out  required  consi-  general  behaviour  is  very  similar  to  that 

derably  greater  bias  voltages  to  reset  of  the  PCCD  with  an  apparent  minimum  of 

properly.  For  comparison  purposes,  both  e = k~'  x 10”  ^ at  77°K.  However,  below 

CCD's  were  operated  at  the  same  clock  30°K  the  SCCD  does  not  exhibit  the  same 

frequency,  f = 10  KHz.  transition  region  shown  by  the  PCCD  at  the 

onset  of  freeze-out.  Rather  only  a gradual 
The  transfer  inefficiency  per  cell  of  the  increase  in  transfer  efficiency  is  observed 

PCCD  is  plotted  as  a function  of  tempera-  to  5°K  where  £ = l.lt  x 10”3. 

ture  in  Fig.  5.  At  300°K  the  transfer 
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In  conclusion,  both  bulk  channel  and 
surface  channel  CCD' s have  been  shown  to 
operate  at  temperatures  as  low  as  5 K. 

The  author  would  like  to  thank  R.  A.  Stacey 
and  L.  Nash  for  performing  the  measurements 
and  R.  D.  Williams,  B.  T.  French  and 
Y.  T.  Chan  for  useful  discussions. 
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ABSTRACT.  An  N-channel  epitaxial  ion  beam  doped  buried  channel  CCD  has  been  fabricated 
and  used  to  obtain  time  expansion  of  sampled  analog  data.  Pulse  trains  containing  up 
to  130  pulses  of  analog  data  were  loaded  into  the  device  at  105  Mpps . The  signal  was 
then  transferred  out  of  the  CCD  for  display  and  examination  at  100  kpps.  The  fast- 
input/slow-output  mode  of  operation  circumvented  on-chip  high  frequency  difficulties, 
reduced  the  average  power  requirement  of  the  driving  circuitry,  and  provided  a method 
of  observing  the  effect  of  high  transfer  rates  on  charge  transfer  efficiency. 

The  device  is  a four  phase  double-overlapping  gate  structure  with  an  ion  implanted/ 
epitaxial  deeply  buried  N-channel.  Gate  length  for  this  device,  in  the  direction  of 
charge  propagation  is  0.2  mils  (5  pm).  Each  cell  has  a 10  mil  wide  channel  which  allows 
a full  cell  to  contain  about  0.76  pico  coulombs  of  charge  and  permits  operation  over  a 
wide  dynamic  range.  Using  push-clock  waveforms  with  voltages  switched  between  +3  to  +13 
volts,  the  device  exhibited  transfer  efficiencies  in  excess  of  0-999  per  cell.  This 
charge  transfer  efficiency  was  observed  to  be  independent  of  the  operating  rate.  The 
transfer  inefficiency  has  been  attributed  to  bulk  traps  with  a time  constant  of  550  psecs. 
Output  voltages  as  high  as  1.2  volts  were  observed  on  the  output  FET.  Trap  noise  for  a 
full  well  is  character  izable  by  a sigma  of  0.6  mV.  No  additional  noise  was  observed  in 
the  fast/slow  mode  operation  when  compared  with  500  KHz  operation.  Linearity  of  the 
device  and  background  leakage  charge  have  also  been  characterized  and  data  is  presented 
herein. 

INTRODUCTION 

An  N-channel  epitaxial  ion  implanted 
buried  channel  (peristaltic)  CCD  has  been 
used  to  obtain  time  expansion  of  data. 

Input  pulses  of  analog  data  have  been 
inserted  at  a rate  up  to  105  Mpps,  up  to 
a maximum  of  130  pulses.  After  acquiring 
the  signal  the  operating  rate  of  the 
device  was  reduced  to  105  pps  and  the 
acquired  signal  was  displayed  and  exam- 
ined. 

Normally  CCD  devices  transfer  the  final 
portion  of  charge  under  a given  gate  from 
a location  which  is  so  near  to  the  trans- 
fer gate  surface  that  the  effect  of  the 
transverse  field  is  negligibly  small. 

This  effect  limits  the  operating  speed 
with  which  good  transfer  efficiency  can 
be  obtained  to  around  20  MHz.  In  order 


to  operate  at  higher  frequencies,  Esser 
introduced  the  peristaltic  CCD  which 
transfers  charge  in  a channel  several 
microns  below  the  surface.1  This  confi- 
guration was  obtained  by  using  epitaxial 
layers  grown  on  silicon  substrates.  Be- 
cause the  transverse  electric  field  is 
very  strong  at  the  charge  transfer  area, 
the  charge  can  be  moved  very  rapidly  out 
of  each  cell  and,  therefore,  this  type  of 
CCD  has  been  operated  at  very  high  fre- 
quencies . 

DEVICE  STRUCTURE 


The  device  discussed  here  is  a 130  cell, 
four  phase  CCD.  It  was  fabricated  using 
an  N-type  epitaxial  layer  grown  on  P-type 
silicon.  The  dopings  of  these  layers 
were  1 x lO1^  and  5 x lO^cm,  respect- 
ively. A cross  sectional  view  of  the 
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design  is  shown  in  Figure  1.  A four  phase 
overlapped  A1  propagation  gate  structure 
was  employed  as  the  driving  structure. 

Silox  was  used  as  Insulation  between  the 
two  gate  layers . The  entire  gate  structure 
was  formed  on  a layer  of  SiOg  under  which 
was  the  ion  implanted  layer.  The  ion 
implantation  was  followed  by  annealing 
for  1 hour  at  1000°C.  Thjs  process  made 
the  final  SiOg  layer  150QA  thick.  Because 
the  device  was  intended  for  high  speed 
operation,  gate  length  (in  the  direction 
of  propagation)  was  made  as  small  as 
practicable,  i.e.,  0.2  mils.  This  was 
the  spacing  for  the  lower  gate  electrodes. 

A 0.225  mil  line  width  for  upper  gate 
electrodes  was  used  in  order  to  provide 
adequate  overlap  over  the  lower  gates . 

The  total  cell  length  consisting  of  k 
gates  was  0.8  mils.  The  channel  width 
was  10  mils  in  order  to  provide  sufficient 
charge  per  cell.  Referring  to  the  figure, 
the  first  gate  on  the  left  was  used  as  an 
input  control  electrode.  A built-in  FET 
amplifier  as  well  as  a diode  were  designed 
into  the  structure  as  outputs.  Figure  2 
and  Figure  3 show  photographs  of  the  input 
and  output  regions  of  a finished  device. 

The  complete  chip  consisting  of  2 PCCDs, 
a smaller  test  CCD  and  auxiliary  test 
circuitry  is  shown  in  the  photo  of  Figure 
4.  The  N+  input  and  output  diffusions 
shown  in  Figure  1 and  discernible  in 
photos  provide  good  ohmic  contact.  The 
Pt  diffusion  around  the  CCD  channel,  also 
observable  in  the  photos  and  illustrated  in 
the  drawing,  acts  as  a channel  stop  in 
order  to  contain  the  active  charges.  Out- 
side the  Pt-  channel  stop  is  an  N+  diffusion 
which  functions  as  a leakage  sink.  This 
feature  is  added  in  order  to  remove  all 
leakage  currents  generated  outside  the  P+- 
channel  stop,  a feature  which  is  very 
important  if  these  devices  are  to  be  used 
on  substrates  containing  other  active 
electronic  devices . 

HIGH  FREQUENCY  CCD  DRIVER 

The  drive  circuit  supplies  all  gate  voltage 
to  operate  a CCD  with  h phase  drives.  The 
phases  are  designed  to  be  individually 
adjustable,  although  this  has  not  been 
critical.  The  charge  input  was  supplied 
from  an  external  pulse  generator  which 
was  synchronized  with  the  counter  in  the 
driver  circuit.  For  maximum  speed,  the 
device  operates  with  128  fast  cell  trans- 
fers, then  128  slow  cell  transfers. 


The  control  logic  for  switching  between 
fast  and  slow  is  done  by  MECL  III  and 
MECL  10000  series  IC's.  The  block  diagram 
is  shown  in  Figure  5-  Basically,  the 
tester  consists  of  three  parts: 

1.  The  logic  circuit  which  controls 
the  start/ stop  function  and  the 
changing  of  the  clock  rates; 

2.  The  driving  amplifiers  which 
provide  the  gate  voltages  required 
to  operate  the  CCD; 

3.  The  external  pulse  generator  which 
provides  CCD  input  charge. 

The  logic  circuit  in  Figure  5 has  two 
clock  frequency  inputs;  one  for  high  and 
one  for  low  speed  operation.  Each  of  the 
inputs  goes  through  a synchronized  switch- 
ing circuit.  When  the  high  rate  counter 
is  activated,  the  high  frequency  clock  is 
gated  on  at  the  beginning  of  a cycle. 

When  counter  sets  to  the  low  state,  the 
low  frequencies  are  passed  through  in  the 
same  way.  Then  the  clock  frequency  is 
divided  by  two  to  obtain  k-phase  voltages. 
Then  this  k-phase  square  wave  is  amplified 
to  more  than  10  volts  peak-to-peak  and 
A.C.  coupled  to  the  CCD  propagating  gates. 
Each  gate  has  its  own  D.C.  bias  adjustment. 

The  amplifier  is  a differential  amplifier 
using  two  2N5583's,  followed  by  an  emitter 
follower  to  lower  the  output  impedance. 

The  rise  and  fall  time  is  around  5ns. 

FAST/SLOW  DEVICE  OPERATION 

To  perform  the  required  task  of  time 
expansion,  the  device  was  operated  in 
fast/slow  mode.  First,  the  circuitry 
described  above  was  used  to  operate  the 
CCD  in  the  fast  mode.  Signal  data  to  be 
expanded  were  applied  to  the  inputs  and 
the  entire  device  was  filled  with  packets 
of  analog  signal  charge.  Next,  the  logic 
was  switched  to  the  slow  mode,  the  input 
was  gated  off,  and  the  signal  charge 
packets  were  propagated  to  the  output 
transistor  for  further  processing  or 
display.  Several  devices  have  been  tested 
under  fast  input/slow  output  operation. 

The  devices  were  operated  through  130 
cycles  of  high  speed  charge  transfer 
followed  by  130  cycles  of  low  speed  trans- 
fer. The  timing  diagram  is  shown  in  the 
drawing  of  Figure  7-  As  the  input  pulse 
is  moved  N cycles,  the  output  is  delayed 
the  same  number  when  it  is  run  at  low 
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frequency.  Hence,  the  time  expansion 
is  proportional  to  the  ratio  of  the  high 
speed  to  low  speed  operation.  The  output 
and  the  input  of  the  PCCD  is  shown  in  the 
oscilloscope  photo  of  Figure  6.  For  this 
test  the  high  speed  input  was  at  62.5  Mpps 
and  the  slow  speed  output  was  at  100  Kpps. 

Two  signal  pulses  are  visible  both  in  the 
input  and  output  traces  of  the  CCD.  The 
lefthand  pulse,  which  emerges  first  in 
time,  has  been  transferred  through  110 
cells  at  62.5  MHz  and  20  cells  at  100  KHz. 
The  right  hand  pulse  has  been  transferred 
through  7 cells  at  62.5  MHz  and  123  cells 
at  100  KHz. 

It  was  noted  that  transfer  efficiency 
remains  relatively  constant  over  a wide 
range  of  operating  frequencies.  By  vary- 
ing the  time  of  insertion  of  a single 
input  pulse,  the  charge  packet  can  be 
caused  to  traverse  the  CCD  under  any 
combination  of  fast/ slow  transfers  total- 
ing 130.  In  all  cases,  the  transfer 
efficiency  was  found  to  be  constant.  The 
values  were  measured  in  excess  of  O.999  per 
cell. 

The  low  frequency  limitation  to  slow  play- 
back is  the  thermal  generation  of  carriers 
which  fill  the  wells . The  cumulative 
effect  of  thermal  generation  of  charges 
becomes  increasingly  apparent  at  low 
frequencies  and  long  device  lengths.  This 
effect  is  shown  in  the  oscilloscope  photo 
of  Figure  8,  as  a continuous  ramp  buildup 
due  to  the  thermally  generated  charges  when 
the  device  is  operated  in  the  fast/slow 
mode. 

INPUT  LINEARITY 

In  order  to  achieve  linearity  and  reduce 
the  effects  of  input  frequency  variation 
upon  quantity  of  input  charge,  our  work 
utilized  the  input  structure  shown  in  the 
sketch,  Figure  9a.  The  first  gate  (nearest 
the  input  diffusion)  is  the  control  gate 
G^.  The  other  gates  shown  are  transfer 
gates.  As  schematically  shown  in  Figure 
9b,  the  input  N+  diffusion  is  pulsed  more 
negative  than  gate  G1  so  that  electrons 
are  injected  through  G-^  and  Gate  2 is 

at  a lower  potential  than  the  H+  region  so 
that  electrons  are  blocked  by  this  barrier 
from  continuing  along  the  CCD  channel. 

The  next  step  labeled  9c  shows  the  N+ 
region  returned  to  a voltage  higher  thanG1. 


Some  of  the  electrons  under  gate  / now 
flow  back.  Hence,  the  surface  potential 
under  will  be  level  with  G..  The  next 
step,  93,  shows  the  transfer  of  this  charge 
into  the  active  CCD  channel  by  increasing 
the  voltage  of  gate  . Figure  9e  shows 
the  charge  completely  transferred  to  the 
CCD  channel  and  the  and  p.  gate  voltages 
are  returned  to  their  previous  values,  thus 
starting  the  next  cycle.  The  input/output 
transfer  characteristics  at  62.5  Mpps  were 
measured  and  plotted.  The  results  of  this 
are  shown  in  Figure  10.  Additional  infor- 
mation about  the  linearity  of  the  device 
was  derived  from  spectrum  analysis  of  the 
output  when  driven  with  a low  harmonic 
content  sine  wave  input.  Photographs  of 
these  experimental  data  are  shown  in  Fig- 
ures 10a  and  10b. 

Additional  tests  using  2-phase  instead  of 
^-phase  propagating  drives  indicate  a 
reduction  to  70$  of  previous  output  level 
with  a slight  degradation  in  linearity. 

TRAPS 

The  time  constant  of  the  bulk  traps  of  this 
device  was  measured.  Our  method  of  measure- 
ment consisted  of  running  the  CCD  until  all 
cells  are  empty;  then  transferring  a few 
full  packets  of  charge  into  the  device  so 
that  the  traps  are  filled.  The  inputting 
of  charge  is  then  stopped.  When  the  input 
charge  has  stopped,  the  traps  start  to 
relax  and  release  some  of  their  charges. 

In  order  to  measure  the  charge  released  at 
a particular  time,  a nearly  full  packet  of 
charge  is  transferred  to  the  CCD.  Since 
part  of  this  charge  will  now  fill  the  empty 
traps  sequentially,  the  traps  will  now  take 
up  the  amount  of  charge  which  they  have 
released  during  the  decay  time.  Because 
the  test  charge  will  fill  the  vacated  traps, 
the  output  level  of  this  test  charge  will 
be  less  than  the  output  if  no  traps  were 
present.  The  difference  in  charge  corres- 
ponds to  the  number  of  traps  empty  at  the 
time  the  test  charge  passes  through  the 
device.  Figure  11  is  the  plot  of  the  rela- 
tive number  of  traps  remaining  filled  vs. 
time  for  two  different  operating  frequencies. 
The  parallel  curves  show  that  the  trap 
release  time  constant  (550  usee)  is  indepen- 
dent of  operating  frequency. 

Other  charge  trapping  mechanisms  have  been 
looked  for  but  not  observed.  Surface  state 
traps  should  not  be  involved  since  the 


active  charge  carrying  area  in  this  device 
is  isolated  from  the  surface  by  the  ion 
implanted  layer. 

CONCLUSIONS 

A CCD  has  been  operated  at  rates  up  to 
105  MHz-  The  present  upper  limit  of 
operation  is  believed  to  be  a function  of 
the  test  circuitry  and  not  of  the  CCD.  It 
has  been  observed  that  charge  transfer 
efficiency  did  not  degrade  with  frequency 
of  operation,  and  the  results  were  only 
limited  by  our  test  equipment.  From  obser 
vations  and  experiments  performed  so  far, 
it  is  believed  the  device  will  be  able  to 
be  operated  to  at  least  200  MHz.  Bulk 
states  which  contribute  to  charge  transfer 
inefficiency  appear  to  be  characterizable 
by  a single  trap  level  having  a time  con- 
stant of  550  jisecs. 

Noise  and  dynamic  range  of  the  device  were 
found  to  be  in  close  agreement  with  the 
values  predicted  theoretically  for  this 
design. 

*This  work  was  performed  under  subcontract 
by  the  Electronics  Research  Division  of 
Rockwell  International  Corporation  for 
GARD,  Inc.  performing  under  contract  to 
Sandia  Laboratories,  a prime  contractor 
of  the  U.  S.  Energy  Research  Development 
Administration . 

1.  Esser,  L.J.M.,  "Peristaltic  Charge 
Coupled  Device:  A New  Type  of  Charge 
Transfer  Device",  Electronic  Letters, 
Vol.  8,  P.  620,  Dec.  1972. 
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ABSTRACT  CCD's  require  a complex  array  of  peripheral  circuitry  to  support  their  operation 
In  most  applications.  This  Includes  input  gating,  multiple-phase  clock  signals  and  output 
gating,  all  synchronously  functioning.  Buried  channel  and  peristaltic  CCD's  which  can 
approach  or  attain  VHF  rates  of  operation  require  very  sophisticated  supporting  circuits 
to  fully  realize  their  capabilities.  Such  circuits  are  in  many  cases  not  off-the-shelf 
items  which  can  be  Independently  selected.  Good  RF  circuit  techniques  must  be  used  in  de- 
signing and  combining  circuits  along  with  a thorough  knowledge  of  CCD  input  and  output  par- 
ameters, to  effectively  develop  a CCD  analog  system.  This  paper  presents  the  development 
of  peripheral  circuitry  for  an  analog  CCD  application  at  62.5  Msamples/second.  Unique  as- 
pects of  input,  output,  and  propagation  gate  drive  circuits  are  considered  both  in  terms 
of  the  CCD  and  its  host  system.  The  overall  system  application  as  a transient  data  recorder7 
and  the  specific  device  development8,  which  was  subcontracted  to  Rockwell  International  by 
GARD,  are  presented  in  separate  papers  at  this  conference. 


INTRODUCTION 


INPUT 


CCD  analog  shift  registers  are  used  for 
both  delaying  and  expanding  the  time  base  of 
quantized  analog  data.  The  functional  sys- 
tem required  for  either  application  is  shown 
In  Figure  1.  A constant  clocking  rate  pro- 
vides a continuous  quantizing  of  data  with  a 
constant  delay.  The  time  base  of  high  speed 
data  is  expanded  by  reducing  the  clock  rate 
after  the  data  is  loaded.  The  degree  of  ex- 
pansion is  proportional  to  the  reduction  in 
clock  frequency.  The  operational  require- 
ments of  the  CCD  peripheral  elements  in  Fig- 
ure 1 are  the  same  with  the  possible  excep- 
tion of  speed  and  bandwidth.  The  system 
described  in  this  paper  operates  In  the  time 
base  expansion  mode  with  62.5  Msample/second 
input  rate  and  100  Ksampl e/second  output 
rate  using  a 128  cell  peristaltic  device. 

The  discussion  of  the  CCD  supporting  cir- 
cuitry is  divided  into  the  three  areas  des- 
ignated in  Figure  1,  namely,  Input,  drive, 
and  output  sections. 


The  high  possible  shifting  rate  and 
large  dynamic  ranges  of  various  CCD's  de- 
mands extremely  high  performance  input 
techniques  if  the  full  capability  of  the 
devices  are  to  be  realized  within  a system. 
The  state  of  the  art  in  sampling  techniques 
might  well  have  to  be  advanced  to  meet 
these  requirements.  In  a sampled  data  sys- 
tem, the  aperture  time  requirement  is  a 
function  of  the  maximum  analog  signal  fre- 
quency and  the  resolution  or  accuracy  de- 
sired. Sampling  circuits  with  aperture 
times  of  well  below  one  nanosecond  and  rep- 
etition rates  approaching  100  MHz  are 
needed.  Several  input  approaches  are  dis- 
cussed and  compared  below,  followed  by  a 
description  of  a track  and  hold  sampling 
circuit  which  has  been  developed  and  is 
compatible  with  the  gate  input  methods. 

INPUT  TECHNIQUES 

Potential  Equilibrium  Input 


This  work  was  performed  by  GARD,  INC.,  a Subsidiary  of  GATX  Corporation,  under  Contract 
to  Sandia  Laboratories,  a prime  Contractor  of  the  Energy  Research  and  Development  Agency 
(ERDA). 
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The  potential  equilibrium  or  fill  and 
spill  Input  technique  has  been  shown  to  be 
a linear  and  low-noise  method  of  applying 
Input  data  to  a CCD1*2.  It  Involves  gener- 
ating a potential  well  under  an  Input  gate, 
flooding  It  with  charge  and  allowing  the 
excess  charge  to  spill  back  over  the  poten- 
tial barrier  of  the  adjacent  gate.  After 
the  charge  spilling  process  Is  completed, 
the  measured  charge  packet  Is  ready  for 
transfer  down  the  channel.  The  charge 
flooding  can  be  achieved  by  a current  pulse 
applied  to  the  Input  diffusion.  A major  ad- 
vantage of  this  method  Is  that  the  measured 
charge  quantity  Is  Independent  of  the  exact 
nature  of  this  diffusion  pulse  and  Is  de- 
termined solely  by  the  two  Input  gate  volt- 
ages. A disadvantage  Is  that  the  charge 
spilling  process  requires  a finite  amount  of 
time  which  Increases  with  high  accuracy  re- 
quirements and  thus  places  a frequency  limi- 
tation and/or  stringent  timing  requirement 
on  the  device  clocking.  This  method  Is  also 
susceptible  to  noise  and  Interference  compo- 
nents coupled  to  the  Input  gates  during  the 
charge  spilling  period.  These  effects  may 
be  reduced,  however.  If  the  common  mode  re- 
jection of  the  two  Input  gates  Is  signifi- 
cant and  properly  utilized  In  the  Input  cir- 
cuit design. 

For  high-speed  hlgn-resolutlon  applica- 
tions, a sample  and  hold  circuit  Is  required 
to  reduce  the  aperture  error  to  an  accepta- 
ble level.  The  generation  of  the  input 
diffusion  current  pulse  must  be  sufficiently 
controlled  within  limits  to  Insure  adequate 
forward  charge  flow.  Using  standard  fast 
ECl  logic  elements  and  high  speed  switching 
transistors,  pulses  with  rise  times  and 
timing  accuracies  approaching  one  nano- 
second have  been  constructed  and  proved  ade- 
quate for  generating  Input  diffusion 
waveforms. 

Gated  Charge  Input 

A second  Input  technique  Is  the  gated 
charge  method,  where  the  channel  transcon- 
ductance below  the  Input  gate  Is  simply 
varied  to  regulate  charge  flow,  which  accum- 
ulates for  each  charge  packet.  This  method 
Is  much  simpler  and  faster,  but  It  has  been 
shown  to  be  less  linear  than  the  first  meth- 
od. Unlike  the  first  method,  the  Input 
charge  packets  are  a function  of  the  Input 
diffusion  current  amplitude  and  duration. 


This  puts  a much  tighter  control  require- 
ment on  the  Input  diffusion  pulse  waveform. 

In  fact,  the  precision  of  the  diffusion 
pulse  generation  must  exceed  the  overall 
system  accuracy  requirement. 

If  the  Input  current  pulse  width  used 
Is  greater  than  the  desired  aperture  time 
of  the  system,  then  a sample  and  hold  cir- 
cuit must  be  used.  This  method  should  be 
less  susceptible  to  higher  frequency  noise 
and  Interference  coupled  to  the  input  gate, 
since  the  Input  signal  Is  effectively  inte- 
grated over  the  Input  current  pulse  period. 
However,  no  coirmon  mode  rejection  is  avail- 
able with  the  single  gate  structure. 

Direct  Sampling  Input 

A third  Input  approach  is  direct  sam- 
pling of  the  analog  signal  on  the  CCD.  To 
do  this,  the  Input  structure  must  respond 
to  pulse  widths  equal  to  or  narrower  than 
the  desired  aperture  time.  If  this  con- 
straint Is  met,  then  In  a manner  similar  to 
the  second  method,  the  analog  signal  can  be 
applied  to  the  Input  gate  which  controls 
the  channel  conductance  during  the  diffu- 
sion pulse,  which  Is  now  much  shorter.  An- 
other version  of  this  technique  is  to  gener- 
ate the  narrow  sampling  pulse  by  gating  the 
Input  current  with  a second  Input  gate  pre- 
ceedlng  the  input  signal  gate. 

This  method  Is  susceptible  to  coupled 
Interference  and  noise  on  the  signal  gate 
for  a much  shorter  period  than  the  first  two 
methods.  In  addition,  since  it  requires  no 
sample  and  hold  circuit  ahead  of  it,  a lower 
impedance  Is  more  easily  presented  to  the 
gate.  This  reduces  the  effects  of  stray 
capacitive  coupling  which  can  Introduce  In- 
terference and  noise  to  the  signal  path. 

The  narrower  input  pulse  required  with  this 
method  is  more  difficult  to  generate  and  may 
require  different  circuit  devices  and  design 
techniques,  such  as  step  recovery  diodes  and 
use  of  transmission  line  techniques. 

TRACK  AND  HOLD 

A track  and  hold  circuit  has  been  de- 
veloped which  provides  voltage  sampling  of 
an  analog  signal  with  an  aperture  error  on 
the  order  of  100  picoseconds,  and  thus 
holding  quantization  error  to  2'6  at  100  MHz. 
This  circuit  provides  a constant  voltage 
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level  to  the  CCD  for  a large  portion  of  Its 
sampling  period.  Thus  the  CCD  can  be  accur- 
ately loaded  with  the  correct  Input  sample 
as  long  as  the  appropriate  CCD  clocking 
occurs  sometime  during  the  “hold  period"  of 
the  track  and  hold  circuit.  This  Increased 
CCD  clock  timing  margin  Is  quite  significant 
In  view  of  the  very  high  current  propagation 
gate  signals  which  must  be  generated.  This 
circuit  also  provides  some  degree  of  buffer- 
ing between  the  analog  signal  path  and  the 
CCD. 

Description 

Figure  2 shows  the  basic  sections  of 
the  circuit.  The  sampling  gate  consists 
of  four  matched  Schottky  diodes  as  shown 
In  Figure  3.  A balanced  drive  Is  pro- 
vided to  switch  the  bridge  on  and  off, 
thereby  allowing  the  hold  capacitance  volt- 
age to  track  the  Input  signal  or  hold  the 
signal  voltage  level  existing  at  the  Instant 
of  turn-off.  This  arrangement  provides  the 
very  small  aperture  time  desired  (less  than 
100  picoseconds).  The  clock  balun  section 
presents  a balanced  drive  waveform  to  the 
diode  bridge  and  performs  an  Impedance  trans- 
formation to  provide  proper  voltage  and 
current  levels  to  the  bridge.  The  degree  of 
waveform  balance  achieved  Is  very  critical 
to  the  accuracy  of  the  circuit.  Two  toroi- 
dal wound  transmission  line  transformers 
are  connected  In  tandem  to  maximize  drive 
waveform  symmetry.  The  low  Impedance  sig- 
nal source  consists  of  a precision  wide- 
band attenuator  which  provides  the  follow- 
ing three  functions:  1)  reduces  signal 
levels  down  to  those  compatible  with  track 
and  hold  CCD  requirements,  2)  Isolates  the 
signal  source  and  signal  line  from  the  trans- 
ients which  the  diode  switching  generates, 
and  3)  provides  a reduced  driving  Impedance 
to  the  hold  capacitance  which  enables  faster 
charging.  The  Input  Impedance  of  the  atten- 
uator can  be  adjusted  to  a nominal  level 
such  as  50  ohms  which  can  then  easily  be 
connected  to  the  signal  source  with  50  ohm 
transmission  line.  The  output  load  Impe- 
dance Is  limited  to  some  value  of  capaci- 
tance which  Is  chosen  on  the  basis  of  slew- 
ing, tracking,  and  hold  voltage  droop  re- 
quirements of  the  circuit.  This  constraint 
makes  the  connection  to  the  track  and  hold 
circuit  to  the  CCD  rather  Inflexible  If  the 
desired  hold  capacitance  Is  low.  A physi- 
cally short  connection  minimizes  stray  shunt 


capacitance  and  decreases  noise  and  Inter- 
ference pickup. 

Design  Considerations 

The  wideband  response  and  common  mode 
rejection  of  toroidal  wound  transmission 
line  transformers  make  them  excellent  de- 
vices for  generating  the  balanced  bridge 
drive3.  Good  squarewave  response  with  rise 
times  well  below  1 nanosecond  are  possible 
If  proper  resistive  loading  is  provided. 

Any  degree  of  unbalance  in  the  drive  to  the 
bridge  results  in  an  output  error  as  the 
bridge  Is  turned  off.  Minimum  common  mode 
output  from  the  transformer  is  desired  for 
all  frequency  components  contained  in  the 
clocking  waveform.  Two  transformers  are 
used  in  tandem  to  further  increase  the  de- 
gree of  output  balance.  The  degraded 
common  mode  rejection  of  these  transformers 
at  higher  frequencies  due  to  winding  dis- 
symmetries may  be  improved  somewhat  by  add- 
ing a small  trimming  capacitance  to  one  side 
of  the  transformer  output.  Care  must  be 
taken  to  avoid  presenting  excessive  reactive 
loads  to  the  transformers,  since  this  causes 
output  ringing  which  adds  to  output  error 
or  increases  settling  time. 

A first  order  analysis  of  the  hold  ca- 
pacitance charging  phenomenon  has  been  per- 
formed for  the  model  in  Figure  3.  Assume 
that  the  balanced  bridge  drive  is  a gated 
constant  current,  the  input  isgnal  is  a 
constant  voltage,  and  the  four  diodes  are 
perfectly  matched  and  conform  to  the  stan- 
dard diode  V-I  relation4.  If  the  output 
voltage  is  initially  zero,  it  is  then  con- 
strained by  the  following  equation  after 
the  drive  current  is  applied. 


(1)  Vo  + Rg 


9 


.026 


I + C 


dVo 
h dt 


I - 


r dVo 

ch  ar 


where  Vg  - signal  voltage 

Rg  = signal  source  resistance 
C^  = hold  capacitance 
I = bridge  driving  current 
Vo  = output  voltage 


The  exact  solution  to  this  equation  is  diffi- 
cult; however.  It  can  be  solved  approximately 
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In  three  segments  as  shown  In  Figure  4. 
Equation  (1)  can  be  linearized  and  then 
solved  yielding  the  following  expression. 


(2)  Vo  = (V  - VB)  exp 


p(t ' V 

|_(Rg  + 


This  solution  Is  Increasingly  accurate  as 
the  charging  current,  10,  decreases.  It  Is, 
therefore,  used  to  describe  the  final  por- 
tion of  the  charging  curve,  segment  BF  In 
Figure  4.  Point  B is  defined  as  the  time 
when  the  solution  reaches  an  accuracy  of  95%. 
This  can  be  shown  to  be  when  10  decreases  to 
0.39  I. 

During  the  Initial  charging  process, 
only  two  of  the  bridge  diodes  are  conduct- 
ing and  essentially  all  of  the  drive  current 
Is  flowing  Into  the  capacitor.  The  voltage 
is,  therefore,  described  by  equation  (3). 

(3)  Vo-i-t 

uh 

This  expression  defines  segment  0A  of  Figure 
4.  Point  A Is  defined  as  the  instant  where 
10  decreases  to  0.95  I.  Segment  AB  Is  lin- 
ear connection  of  the  two  points  where  its 
slope  Is  taken  to  be  the  arithmetic  means 
of  the  adjoining  segment  slopes.  Equation 

(4)  describes  segment  AB. 


(4)  Vo  * VA  + 2?Rg  +B. 052/1)  Ch  (t  " tA) 

This  approximation  is  justified  by  verifying 
that  Vb  - Va  Is  a very  small  fraction  of  Vg 
for  typical  parameter  values.  Using  equa- 
tions (2),  (3),  and  (4),  It  Is  possible  to 
determine  the  final  output  voltage  Vp  and 
hence  the  charging  error  for  a given  set  of 
operating  parameters. 

Matching  of  the  four  Schottky  diodes 
Is  critical  to  the  accuracy  of  circuit.  DC 
matching  provides  minimum  offset  error  and 
best  temperature  tracking  of  the  diodes. 

AC  matching  Is  required  to  maintain  good 
common  mode  rejection  of  the  clocking  signal 
as  the  bridge  Is  turning  off.  Diode  leak- 
age Is  critical  In  determining  the  droop 
characteristics  of  the  circuit.  Fast  slew- 
ing and  charging  rates  require  a very  small 
hold  capacitance  which  In  turn  Is  susceptible 


to  voltage  droop.  Since  balanced  leakage 
currents  cannot  be  maintained  under  all  op- 
erating conditions,  worst  case  leakage  at 
the  maximum  operating  temperature  should  be 
considered. 

The  small  value  of  the  hold  capacitance 
can  lead  to  another  problem.  When  the 
bridge  Is  reverse  biased,  the  signal  source 
is  still  coupled  to  the  output  through  the 
capacitance  of  the  diodes.  This  results 
In  a slight  variation  of  the  hold  voltage 
as  the  Input  signal  continues  to  change. 

This  problem  Is  reduced  by  Increasing  the 
hold  capacitance  and  minimizing  the  diode 
capacitance.  A neutralizing  technique  can 
also  be  employed  which  Involves  coupling 
a small  controlled  amount  of  inverted  sig- 
nal to  the  output  to  cancel  the  Inherently 
fed  through  signal. 

The  signal  attenuator  can  provide  the 
lowest  output  impedance  when  a simple  "L" 
section  configuration  Is  used.  In  general, 
increasing  the  amount  of  attenuation  will 
decrease  the  output  Impedance  which  pro- 
vides faster  slewing,  reduced  charging 
error  and  faster  transient  recovery.  It 
will  also  reduce  the  input  VSWR  and  the 
switching  transient  levels  resulting  at  the 
Input.  The  Input  attenuator  should  be  con- 
structed with  resistors  which  have  good 
high  frequency  characteristics.  Metal  film 
resistors  with  minimum  lead  length  or  chip 
resistors  are  desirable. 

Circuit  layout  techniques  including 
component  placement  and  connection  methods 
greatly  affect  the  operation  of  the  entire 
circuit.  Maintaining  a symmetric  config- 
uration wherever  possible  helps  maintain 
clocking  balance  and  minimize  common  mode 
error.  Stray  capacitances,  such  as  signal 
feed-through  coupling,  should  be  minimized. 
Minimum  lead  length  and  microstrip  connec- 
tions tend  to  reduce  transformer  ringing. 
High  quality  printed  circuit  board  mater- 
ial with  low  dielectric  loss  character- 
istics up  through  microwave  frequencies  Is 
desirable.  Shielding  techniques  can  be 
used  to  reduce  stray  coupling  and  suscep- 
tibility to  Interference.  Track  and  hold 
circuits  have  been  constructed  which  sample 
signal  bandwldths  up  to  100  MHz  at  repeti- 
tion rates  In  excess  of  60  MHz.  Thus  far 
accuracies  of  3%  have  been  achieved. 
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Interface 


4-0  CLOCK  GENERATION 


The  track  and  hold  circuit  developed 
Is  Intended  to  drive  only  a small  capacitive 
load,  specifically  an  Input  gate  shunted 
with  a small  capacitance  of  several  pico- 
farads. The  bulk  of  the  Input  gate  capaci- 
tance for  the  devices  used  Is  due  to  the 
bonding  pad  and  package  lead  capacitance 
and  totals  about  three  picofarads.  The 
stray  capacitance  of  the  diode  leads  and 
the  PC  board  plating  to  ground  Is  signifi- 
cant when  working  at  these  levels  and  must 
be  considered  In  determining  the  effective 
value  of  hold  capacitance. 

If  the  signal  source  Impedance  is  equal 
to  the  attenuator  input  impedance,  for  exam- 
ple 50  ohms,  then  a transmission  line  connec- 
tion between  the  two  of  any  length  can  be 
made  with  no  effects  other  than  signal  delay. 
If  the  signal  source  has  an  output  Impedance 
other  than  50  ohms,  care  should  be  taken  to 
avoid  transient  reflections.  This  can  be 
done  by  choosing  the  transmission  line 
length  such  that  the  total  round  trip  propa- 
gation time  from  the  attenuator  to  the  slg- 
nat  source  and  back  does  not  equal  an  In- 
tegral multiple  of  the  sampling  rate  period. 
This  will  Insure  that  a sampling  transient 
does  not  reflect  back  Into  the  attenuator 
as  a succeeding  sample  Is  being  taken.  The 
source  Impedance  at  frequencies  well  above 
the  signal  bandwidth  must  be  considered 
since  the  sampllny  transients  contain  very 
high  frequency  components.  If  a low-pass 
filter  exists  between  the  signal  source  and 
the  attenuator.  Its  output  Impedance  must  be 
considered.  Most  filters  have  a high  VSWR 
above  the  cut-off  frequencies  which  means 
transient  reflection  errors  may  be 
Introduced. 

DRIVE 

The  Peristaltic  CCD's  (PCCD)  developed 
for  this  application  employ  a four  phase 
propagation  gate  structure.  A four  phase 
(4-0)  clock  Is  required  to  transport  charge 
In  the  device.  Each  forward  transition  is 
accomplished  by  dropping  the  barrier  In 
front  of  the  charge  packet  and  raising  the 
well  behind  It.  The  following  discussion 
covers  the  requirements  and  considerations 
regarding  the  development  of  the  4-0  clock/ 
driver  system. 


The  4-0  clock  signals  required  for  the 
CCD's  are  generated  using  a pair  of  D-type 
Flip  Flops  connected  as  shown  In  Figure  5. 
When  a clock  frequency  of  4 times  the  shift 
rate  is  applied  to  this  clock  generator,  the 
four  outputs  will  produce  the  waveforms 
shown  in  Figure  6.  Each  0n  is  1/4  of  the 
Incoming  clock  frequency,  and  is  delayed  1/4 
period  with  respect  to  0n-i.  The  logic 
family  used  must  be  consistent  with  the  fre- 
quency of  operation.  To  operate  at  a shift 
rate  of  62.5  MHz,  an  Input  clock  frequency 
of  250  MHz  Is  required.  The  only  logic 
family  capable  of  handling  these  frequencies 
is  Emitter  Coupled  Logic  (ECL).  New  entries 
in  the  ECL  family  include  D-Flip-Flops  cap- 
able of  toggling  at  frequencies  up  to  700 
MHz.  With  this  method  of  four  phase  gener- 
ation, the  clock  frequency  can  be  changed 
and  still  retain  the  quadrature  relation- 
ship of  the  four  0n's.  This  is  important 
when  considering  time-expansion  operation 
where  two  or  more  frequencies  of  operation 
are  necessary.  Also  to  be  noted  here  Is 
the  fact  that  0i  and  03  are  complementary 
as  are  02  and  04. 

GATE  DRIVER  CHARACTERISTICS 

Gate  Driver 

Once  the  gate  driver  timing  signals 
are  generated  as  above,  a driver  must  be 
used  to  provide  CCD  gate  drive  of  the  re- 
quired amplitude.  The  load  on  the  driver 
is  primarily  capacitive  in  nature.  In 
order  to  specify  the  driver  characteristics. 
It  must  first  be  determined  what  the  drive 
requirements  of  the  CCD  are. 

Driver  Speed 

When  operating  at  62.5  MHz  shift  rate, 
the  period  of  the  driver  waveform  is  16 
nsec.  The  optimum  waveform  is  shown  in 
Figure  7.  In  the  figure,  Tq  = 16  nsec. 

The  transition  times,  tr  and  tf,  must  be 
T0/2,  or  8 nsec,  maximum.  It  has  been 
recommended  by  the  device  manufacturer 
that  a minimum  transition  time  be  5 nano- 
seconds. This  is  to  insure  that  a well 
collapse  (or  barrier  rise)  does  not  occur 
so  quickly  as  to  spill  charge  over  the 
channel  stops  or  into  adjacent  charge 
packets.  The  end  result  of  such  operation 
would  result  In  reduced  dynamic  range  and 
charge  transfer  efficiency.  This  minimum 


rise  time  puts  an  upper  limit  on  the  current 
drive  necessary  to  drive  the  capacitive  gate 
load. 

Current  and  Voltage  Requirements 

Considering  the  waveform  of  Figure  7, 
the  recommended  peak-to-peak  swing  (Vh-Vl ) 

Is  In  the  range  of  12  to  15  volts  for  the 
devices  used.  With  the  high  density  gate 
structures.  It  Is  necessary  to  put  every 
other  gate  on  a different  level,  physically 
further  away  from  the  substrate.  In  order 
to  compensate  for  that  portion  of  the  field 
lost  In  the  additional  insulating  layer, 
upper  gates  must  have  a 15  to  25%  greater 
voltage  swing  than  that  for  lower  gates. 

The  driver  design  will  be  based  on  the 
larger  voltage  swing  of  15  volts. 

The  current  drive  required  of  the 
driver  is  a function  of  voltage  swing,  rise/ 
fall  time,  and  the  capacitive  loading  of  the 
drive  gates.  The  gate  loading  of  the  de- 
vices used  at  GARD  was  about  25  pf.  The 
current  required  for  the  slewing  of  the  gate 
voltage  Is  given  by: 


where  C Is  the  gate  capacitance  - 25  pf 

aV  * the  peak-to-peak  swing  = 15  volts 
it  = transition  time  = 6 nsec 
The  required  current  Is,  therefore,: 

I * 25  x 10'12  x a-  = 62.5  ma. 

1 Jr 


The  additional  loading  of  the  transmission 
path  (cable  or  printed  circuit)  and  stray 
capacitance  could  add  as  much  as  10  to  15 
pf  to  the  driver  load.  This  will  Increase 
the  driver  current  requirement  to  100  ma 
per  CCD  gate.  The  driver  must  be  able  to 
source  as  well  as  sink  this  current  to  pro- 
vide both  rise  and  fall  times  In  the  6 nsec 
range. 

Delay  Stability 

The  driver  must  provide  an  output  wave- 
form with  a constant  delay  with  respect  to 
the  Input  waveform.  This  Insures  that  the 
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4-0  drive  signals  at  the  CCQ  remain  In  quad- 
rature over  the  entire  frequency  range  of 
Interest.  For  a set  of  four  drivers,  the 
delays  should  not  differ  by  more  than  +1 
nsec.  If  the  stability  of  each  driver  Is 
within  +0.5  nsec  over  the  entire  frequency 
range,  any  mismatch  In  the  driver  delays 
can  be  compensated  for  by  using  delay  lines 
at  the  Inputs  of  the  drivers. 

Transient  Response 

The  transient  response  of  the  driver 
must  be  such  that  the  clock  can  be  halted, 
or  a frequency  change  can  be  made,  without 
having  any  output  abberatlons  which  may 
destroy  the  barriers  separating  individual 
charge  packets.  This  Is  important  In  the 
time  expansion  application  where  the  input 
mode  Is  at  62.5  MHz  shift  rate  and  the  out- 
put Is  at  a much  lower  rate.  When  the  last 
high  frequency  clock  pulse  is  received,  the 
drivers  will  respond  by  changing  two  of  the 
phase  drive  lines.  After  this  change,  the 
outputs  should  remain  In  their  respective 
output  states  until  the  next  clock  pulse 
Is  received.  This  requirement  prevents  the 
use  of  tuning  out  the  capacitive  CCD  gate 
load  to  minimize  gate  drive  requirements. 

DRIVER  DESIGN  CONSIDERATIONS 

Power  and  Thermal  Calculations 

As  Indicated  In  an  earlier  section,  the 
current  required  to  slew  the  gate  Is  100  mA. 
Assume  that  this  current  Is  drawn  from  a 
17  volt  power  supply  and  that  the  rise  time 
takes  up  6 out  of  each  16  nanoseconds. 

During  the  fall  time,  the  driver  current  Is 
sunk  to  ground,  hence  only  a small  amount 
of  power  Is  required.  The  average  power 
at  62.5  MHz,  not  considering  driver  Ineffi- 
ciency, is: 

P avg  * VPS  x W x duty  cyc1e 
•17x0.1  x(j 
= .637  watts 

The  driver,  however,  will  not  be  100%  effi- 
cient. Therefore,  driver  power  of  .7  to 
.8  watts  will  be  required.  For  four  drivers 
to  support  a single  CCD,  the  power  required 
will  be  3.2  watts  at  62.5  MHz.  Because  the 
driver  Is  driving  a reactive  load,  very 
little  power  Is  dissipated  by  the  CCD  gate; 


virtually  all  of  the  3.2  watts  Is  dissipated 
In  the  4-0  driver  circuit.  Fortunately,  the 
time  expansion  mode  requires  that  the  drivers 
be  operating  at  the  62.5  MHz  rate  less  than 
10%  of  the  time.  The  overall  average  power 
Is,  therefore,  greatly  reduced.  The  drivers 
must  be  designed,  however,  to  withstand 
peak  power  of  3.2  watts  for  periods  up  to 
10  milliseconds. 

Physical  Layout 

The  physical  layout  must  take  into  con- 
sideration both  the  power  requirements  and 
the  capacitive  loading  of  the  driver.  The 
driver  should  be  located  as  close  as  possi- 
ble to  the  CCO  so  as  to  minimize  the  addi- 
tional driver  loading  due  to  the  trans- 
mission path.  The  CCD  Is  sensitive  to 
temperature;  so  it  is  Important  to  Isolate 
It  from  external  heat  sources. 

An  Increase  In  chip  temperature  will 
Increase  the  dark  current  (thermal  well 
filling)  of  the  CCD.  This  Is  not  of  great 
concern  at  high  shift  rates  since  a given 
charge  packet  will  not  be  In  residence  In 
the  chip  for  a sufficient  length  of  time 
to  be  distorted  by  thermal  filling,  but 
a thermal  filling  at  low  shift  rates  can 
be  significant.  The  driver  circuitry,  lo- 
cated close  to  the  CCD,  must  be  carefully 
laid  out  to  avoid  excess  heat  transfer  to 
the  CCD. 

Circuit  Techniques 

Commercial  MOS  drivers  with  ECL-com- 
patlble  Inputs  are  available.  Such  a de- 
vice Is  the  Texas  Instruments  SN75366.  This 
device  Is  specified  as  having  a typical 
transition  time  of  17  nanoseconds  for  a 15 
volt  swing  when  loaded  with  390  pf.  The 
current  output  to  meet  this  transition 
time  Is: 

I ■ Ctt*  390  x 10*12  x - x = 344  ma. 

dt  17  x 10'9 

This  current  Is  sufficient  to  slew  a 40  pf 
load  In  6 nsec  Indicating  a more  than  ad- 
equate output  stage,  but  an  evaluation  of 
sample  devices  Indicates  that  the  chip  Is 
not  capable  of  high  frequency  operation  due 
to  limitations  In  the  Input  or  pre-driver 
stages - 


DISCRET  COMPONENT  DRIVER  IMPLEMENTATION 

Since  the  single-chip  CCD  driver  could 
not  satisfy  the  stated  requirements,  a 
driver  will  have  to  be  developed  with  dis- 
crete hardware.  A block  diagram  of  such  a 
circuit  is  shown  In  Figure  8.  In  evaluation 
of  circuit  techniques  for  Its  design,  the 
following  factors  must  be  considered: 

(1)  Interfacing  with  ECL  logic  levels  of 

the  4-phase  generator. 

(2)  Driver  output  configuration. 

(3)  Speed-up  techniques. 

Each  of  these  will  be  Individually  discussed. 
ECL  Interface 

The  interface  with  the  ECL  logic  swing 
of  -0.9  volts  to  -1.6  volts  is  not  trivial. 
The  logic  swing  of  0.9  volts  is  not  great 
enough  to  reliably  switch  the  base-emitter 
junction  of  a bipolar  transistor  whose 
emitter  Is  tied  to  a firm  reference  voltage. 
Variance  In  both  the  ECL  voltage  swing  as 
well  as  transistor  forward  junction  voltage 
with  temperature  make  this  method  unreliable. 

Commercially  available  ECL  to  TTL  trans- 
lators can  be  used.  Such  a device  as  the 
MC10125  converts  ECL  levels  to  TTL  levels 
using  a Schottky  output  stage.  Operation 
at  62.5  MHz,  however.  Is  at  the  maximum 
limit  of  this  device  resulting  in  a sine 
wave  output  which  may  not  achieve  the  max- 
imum TTL  logic  swing.  Also,  the  variance 
In  the  delay  of  these  devices  is  not  con- 
sistent with  the  driver  requirements. 

The  remaining  technique  is  to  use  a 
differential  amplifier  as  the  Input  stage 
using  the  center  swing  voltage  of  the  ECL 
family  (VBB ) as  the  reference  input.  Vgg 
can  be  generated  with  an  ECL  chip  which 
will  track  the  ECL  swing  to  compensate  for 
temperature  variances.  The  differential 
transistor  input  can  be  purchased  In  one 
package.  Therefore,  the  variance  in  base- 
emitter  junction  drop  of  one  will  be  off- 
set by  a similar  variance  In  the  other. 

The  resultant  Input  structure  will  be  stable 
and  ECL-compatible  at  all  temperatures. 

Driver  Output  Configuration 

At  low  frequencies,  the  number  of 
active  components  can  be  reduced  by  using 
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a single  transistor  and  a passive  pull-up 
resistor  to  drive  the  CCD  gates.  However, 
to  obtain  the  necessary  rise  time,  the  pull- 
up  resistor  value  (for  a time  constant  of  2 
nanoseconds)  Is: 


R 


C 


2 x 10^ 
40  x 10'12 


50  ohms 


Using  the  techniques  discussed  above, 
a circuit  can  be  developed  to  meet  the  re- 
quirements. The  combined  circuit  Is  shown 
in  block  diagram  form  in  Figure  8.  Other 
considerations  are  to  keep  the  geometry  as 
small  as  possible,  while  also  being  cogni- 
zant of  power  dissipation  requirements. 

OUTPUT 


As  a result,  the  output  transistor  would 
not  only  have  to  pull  down  the  capacitive 
load  of  the  CCD,  but  also  the  resistive  load 
of  the  pull-up  resistor.  This  also  adds  a 
DC  component  to  the  power  required  by  the 
drivers  and  contributes  to  the  heat  which 
will  be  generated  In  the  vicinity  of  the 
CCD's. 

The  only  available  approach  is  a form 
of  push-pull  or  totem-pole  output  structure, 
in  which  significant  power  Is  consumed  only 
during  output  transitions.  Medium-power 
RF  transistors  are  used  In  the  final  stage 
driven  by  low-power  high-speed  switching 
transistors  connected  In  a Darlington  con- 
figuration. The  pull  up  and  pull  down 
transistors  must  be  driven  In  a comple- 
mentary manner.  The  necessary  complemen- 
tary signals  can  be  obtained  using  the  two 
outputs  of  the  differential  amplifier  or 
with  the  use  of  a single  stage  phase  in- 
verter. 

Speed-up  Techniques 

The  switching  time  of  the  driver  can 
be  greatly  reduced  by  preventing  all  tran- 
sistors from  going  Into  saturation.  A sat- 
urated transistor  can  take  up  to  400  nsec 
to  turn  off  due  to  junction  storage  time. 

An  effective  method  of  preventing  tran- 
sistor saturation  Is  through  the  use  of 
Schottky  clamping.  The  negative  feedback 
provided  by  the  clamp  will  allow  the  tran- 
sistor to  approach  saturation  but  never  en- 
ter It.  As  a result,  the  turn-off  time  can 
be  made  comparable  to  turn-on  time. 

Secondly,  the  use  of  speed-up  capaci- 
tors In  parallel  with  the  resistors  In 
transistor  base  circuits  can  Improve  turn- 
off and  turn  on  time  as  well.  When  the 
transistor  Is  turned  on,  the  base  Is  Initially 
driven  hp  >der;  when  turned  off,  the  base  Is 
driven  below  the  emitter  voltage  to  aid  In 
removing  charge  from  the  base-emitter  Junc- 
tion area. 


In  the  time  expansion  application  of 
the  PCCD  which  has  been  discussed,  the  out- 
put Is  required  to  operate  at  a greatly  re- 
duced speed,  namely  125  KHz.  This  feature 
greatly  reduces  the  degree  of  design  diffi- 
culty and  opens  the  door  to  a variety  of 
approaches.  A discussion  of  the  various 
output  approaches  is  beyond  the  scope  of 
this  paper.  However,  the  output  structure 
and  operation  for  the  PCCD  discussed  abovp 
will  be  described.  The  general  considera- 
tions mentioned  will  apply  to  most  output 
approaches  operating  In  the  same  speed 
range.  In  the  particular  application  dis- 
cussed, the  output  of  the  CCD  Is  to  be  dig- 
itized by  an  A/D  converter.  Since  a CCD 
present  valid  output  data  for  only  25% 
of  the  output  clock  period,  it  is  important 
that  all  output  circuits  respond  quickly  to 
allow  sufficient  time  for  the  A/D  to  com- 
plete the  conversion  before  the  output  data 
becomes  Invalid. 

CCD  OUTPUT 

The  output  of  the  PCCD  Is  buffered  by 
an  on-chip  FET.  A reset  FET  Is  employed 
to  remove  the  charge  from  the  previous  sam- 
ple prior  to  shifting  the  next  sample  for 
read  out.  An  equivalent  circuit  of  the  out- 
put structure  Is  shown  in  Figure  9.  Both 
devices  are  N-channel  depletion-mode  types. 
The  output  FET  operates  In  a source-follower 
configuration.  Hence,  the  output  FET  drain 
will  be  connected  to  some  positive  DC  bias 
voltage.  The  output  FET  source  Is  connected 
to  a negative  supply  voltage  via  a load  re- 
sistor. In  the  source-follower  mode,  the 
output  voltage  will  be  approximately  the 
same  as  the  gate  voltage,  which  is  a function 
of  the  amount  of  charge  on  the  gate.  This 
gate  acts  as  a capacitor.  The  charge  being 
propagated  In  the  devices  used  are  electrons. 
Hence,  a larger  charge  packet  will  result  in 
more  negative  output  voltage.  The  reset  FET 
source  is  connected  to  the  output  FET  gate. 
This  FET  also  operates  in  a source-follower 
mode.  When  a positive  pulse  signal  is  ap- 
plied to  the  reset  FET  gate,  the  output  FET 
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gate  Is  reset  to  about  the  same  potential  as 
that  of  the  reset  FET  gate  unless  it  is  dri- 
ven into  saturation,  in  which  case  the  reset 
level  is  dependent  on  the  reset  FET  drain 
voltage.  The  reset  FET  drain  Is  connected 
to  some  positive  voltage,  usually  the  same 
as  the  N+  diffusion  ring  on  the  CCD.  A 
description  of  each  of  the  supporting  ex- 
ternal circuits  for  the  output  circuit 
follow.  It  should  be  remembered  that  the 
CCD's  discussed  In  this  paper  were  used  in 
a time  expansion  mode  exclusively.  Hence, 
the  output  circuitry  need  not  be  the  type 
that  can  operate  at  the  high  Input  frequen- 
cies, but  only  at  the  read  out  frequency  of 
125  KHz. 

RESET  CIRCUITS 

The  reset  FET  gate  pulse  must  be 
properly  timed  with  the  four  CCD  gate  drives. 
A properly  timed  reset  occurs  when  both  0i 
and  02  are  In  the  high  state  or  the  gate  po- 
tentials are  as  shown  In  Figure  10.  It  Is 
also  strongly  recommended  by  the  device  man- 
ufacturer that,  during  the  high  speed  Input 
of  the  CCD,  the  output  be  In  a state  of  con- 
stant, or  DC,  reset,. so  the  reset  FET  will 
remove  the  charge  which  Is  now  entering  the 
output  at  a high  rate.  The  reset  pulse 
width,  during  read  out.  Is  not  critical, 
but  the  falling  edge  of  the  reset  pulse  must 
occur  before  the  resing  edge  of  03.  The  last 
propagation  gate  of  the  CCD  Is  03.  When  03 
gate  voltage  goes  to  the  high  state,  the  03 
barrier  drops  and  charges  from  the  next  sam- 
ple begin  to  flow  to  the  output  FET  gate. 

A portion  of  this  charge  will  be  removed  by 
the  reset  FET  should  the  reset  signal  re- 
main In  the  high  state  after  the  rise  of 
03,  thus  distoring  the  charge  packet. 

The  reset  pulse  amplitude  Is  very  crit- 
ical If  the  reset  FET  is  not  driven  Into 
saturation.  This  Is  because  the  reset  FET 
Is  then  operating  as  a source  follower  and 
when  turned  on  will  have  reset  the  output 
to  a voltage  determined  by  the  reset  pulse 
voltage  Itself.  Following  the  reset,  the 
output  voltage  will  become  more  negative 
as  the  next  charge  packet  Is  shifted  In. 
Provided  that  the  CCD  Is  correctly  biased, 
this  voltage  change  will  be  proportional  to 
the  amount  of  charge  shifted  to  the  output 
FET  gate.  Hence,  a change  In  the  amplitude 
of  the  reset  FET  gate  pulse  will  result  In 
an  offset  of  the  entire  output  voltage 
levels  including  the  portion  of  the  output 


waveform  containing  the  usable  output  signal. 
Considering  the  fact  that  the  output  signal 
from  full  well  to  empty  well  is  seen  on  the 
output  FET  source  as  a aV  of  less  than  0.5V, 
It  is  imperative  that  the  reset  FET  pulse 
amplitude  be  carefully  regulated.  This  can 
be  accomplished  by  clamping  the  reset  FET 
gate  to  a precision  reference  or  using  a 
common  emitter  transistor  as  a reset  driver. 
In  the  later  case,  the  collector  load  can 
be  a precision  resistive  divider  on  a well 
regulated  voltage  as  shown  in  Figure  11. 

The  precision  resistors  R]  and  R2  can  be 
selected  In  such  a way  as  to  result  in  the 
desired  reset  voltage  when  the  driver  tran- 
sistor Is  turned  off.  The  reset  FET  may  be 
operated  In  saturation  In  which  case  the 
output  reset  level  becomes  relatively  inde- 
pendent of  the  gate  pulse  voltage.  The 
reset  level  in  this  case  will  be  the  bias 
voltage  on  the  reset  drain,  which  must  then 
be  well  regulated  to  insure  accurate  reset. 
The  "on"  resistance  of  the  saturated  reset 
FET  must  be  small  enough  to  insure  total 
dissipation  of  the  signal  charge  within 
the  duration  of  the  reset  pulse.  An  addi- 
tional constraint  on  the  reset  FET  Is  that 
It  be  capable  of  dissipating  the  residual 
charge  which  is  dumped  into  the  output 
diffusion  during  the  input  loading  mode  of 
the  CCD.  Failure  to  dissipate  this  charge 
will  result  in  a back  flooding  of  charge 
at  the  output  which  will  completely  destroy 
the  Initial  signal  charge  packet. 

SIGNAL  OUTPUT 

As  mentioned  above,  the  output  of  the 
CCD  Is  a source- follower  FET.  The  output 
waveform  is  shown  in  Figure  12.  The  useable 
signal  output  range  of  the  CCD  is  about  0.2 
to  0.4  volts.  As  shown  in  the  figure,  the 
output  waveform  has  an  overall  voltage  swing 
about  an  order  of  magnitude  greater  than 
the  useable  signal  range.  This  must  be  con- 
tended with  by  the  output  interface  cir- 
cuitry and  will  be  discussed  later.  Cer- 
tain characteristics  of  the  output  FET  must 
be  considered  here.  The  voltage  gain  of  the 
output  MOS-FET  Is  constant  over  the  operat- 
ing temperature  range,  typically  about  0.9. 
The  output  offset  voltage  is  not  as  stable. 

As  Is  typically  the  case  with  MOS-FET's, 
the  output  FET  gate  to  source  voltage  has 
a temperature  coefficient,  TC,  which  Is  a 
function  of  drain  current5.  This  TC  can  be 
as  large  as  1.5  mv/°C.  Considering  an 
operating  temperature  range  of  50°C,  this 


results  In  an  output  offset  shift  of  up  to 
75  mv  as  a function  of  temperature.  This 
Is  about  25%  of  the  dynamic  range  of  the 
CCD  output  and,  therefore.  Is  a cause  of 
concern.  For  a given  FET,  a particular 
drain  current  exists  where  the  gate  to 
source  voltage  has  a zero  temperature  co- 
efficient. At  drain  currents  below  this 
point,  the  Vqs  has  a positive  TC,  and  higher 
drain  currents  yield  a negative  TC.  It  has 
been  empirically  determined  that  the  drain 
current  for  zero  TC  of  Vgs  was  about  0.1  ma 
for  the  devices  used.  The  drain  current  Is 
predominantly  determined  by  the  output  volt- 
age, the  source  resistance  and  the  supply 
voltage  Vs«.  The  supply  voltage  must  be 
sufficiently  negative  to  accommodate  the 
negative  signal  voltage  swing  which  In  this 
case  Is  about  -8  to  -10  volts.  To  operate 
at  .1  ma,  the  source  resistor  Rs  Is: 
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Since  the  ultimate  goal  In  this  application 
Is  to  digitize  this  analog  signal,  amplifica- 
tion Is  required  to  produce  a signal  dynamic 
range  of  10  volts  p-p  to  be  consistent  with 
available  analog  to  digital  converters.  To 
achieve  this,  an  external  amplifier  gain  of 
20  to  50  Is  required.  Also,  the  offset  of 
5 volts  must  be  removed  so  the  resultant 
amplifier  output  Is  +5  volts.  It  can  be 
seen  that  with  the  hTgh  gain  of  the  ampli- 
fier, the  5 volt  swing  on  the  Input  during 
reset  will  cause  the  amplifier  to  go  into 
nonlinear  operation.  Care  must  be  taken  In 
the  amplifier  design  to  prevent  device  sat- 
uration when  the  reset  pulse  overdrives  the 
Input.  If  this  saturation  Is  not  prevented, 
the  amplifier  will  not  settle  to  the  de- 
sired output  value  within  T0/8  or  1 usee. 

This  latter  requirement  Is  necessary  so  the 
remaining  1 usee,  during  which  the  CCD  out- 
put presents  valid  data,  may  be  allocated 
to  the  A/D  for  digitization  time. 

THERMAL  FILLING  AND  RADIATION  EFFECTS 


With  this  high  Impedance,  the  time  constant 
of  the  output  circuitry,  assuming  a 10  pf 
load  resulting  from  stray  capacitance.  Is: 

x = R$  • CQut  = 3 x 104  x 10'11  = 0.3  usee 
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This  Is  compared  with  the  time  when  data  Is 
valid  on  the  CCD  output,  which  Is  less  than 
1/4  of  the  output  shift  period  (In  this  case, 
2 usee).  Hence,  the  time  constant  of  the 
output  circuit  Is  a significant  portion  of 
the  time  when  CCD  data  Is  available.  To 
remedy  this  situation,  the  value  of  R must 
be  reduced  to  lower  the  time  constantswhich 
raises  the  bias  current  of  the  FET,  re- 
sulting In  a negative  temperature  coefficient 


V 
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One  of  two  approaches  can  be  taken  to 
remove  this  temperature  dependency.  The 
first  would  be  to  correct  for  the  output 
offset  with  external  circuitry,  which  is  a 
difficult  task  at  best.  Another  method  Is 
to  design  the  output  FET  such  that  the  op- 
erating drain  current  yields  a Vgs  tempera- 
ture coefficient  of  zero.  The  litter 
approach,  while  not  possible  In  all  applica- 
tions, Is  very  desirable. 


As  Indicated  previously,  the  dynamic 
range  of  the  output  Is  only  .2  to  .4v  p-p. 


The  extent  of  filling  of  the  CCD  by 
thermal,  or  dark,  current  is  a function  of 
CCD  chip  temperature  and  shift  rate.  For  a 
given  chip  temperature,  the  amount  of  charge 
In  a given  packet  which  is  due  to  dark 
current  Is  directly  proportional  to  the  time 
that  the  charge  packet  is  in  residence  in 
the  CCD  channel.  In  this  application  of 
time  expansion,  the  amount  of  time  that  a 
charge  packet  is  in  the  CCD  channel  during 
the  high-speed  input  mode  is  insignificant 
compared  to  the  time  required  for  the  CCD 
read  out.  It  will  be  assumed  that  the 
loading  time  is  zero. 

As  the  charge  is  shifted  out  at  a rel- 
atively slow  rate,  the  first  charge  packet 
will  not  be  affected  by  thermal  filling. 

As  the  read  out  progresses,  subsequent 
charge  packets  will  have  been  in  residence 
in  the  channel  for  progressively  longer 
periods  of  time.  This  can  be  seen  by  view- 
ing the  output  of  a CCD  with  zero  input  sig- 
nal. The  first  sample  is  at  cutoff,  indicat- 
ing an  empty  well,  subsequent  samples  will 
become  more  negative,  indicating  increasing 
amount  of  charge,  forming  a negative  sloping 
line.  As  the  read  out  frequency  is  reduced, 
the  slope  of  the  line  increases.  Eventually, 
a frequency  Is  reached  where  the  last  sample 
read  Is  a full  well.  Ideally,  it  is  desirable 
that  the  output  shift  rate  be  high  enough  that 
the  slope  of  the  output  signal  is  essentially 
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zero.  In  all  probability,  such  a frequency 
may  not  be  consistent  with  moderate  speed 
A/D  converters,  hence  greatly  Increasing  the 
cost  of  digitizing  hardware.  In  addition, 
variance  In  dark  current  from  one  device  to 
another  makes  compensation  difficult. 

The  effects  of  gamma  radiation  are  sim- 
ilar to  those  of  thermal  filling.  When  the 
CCD  Is  exposed  to  such  radiation,  substrate 
atoms  are  Ionized  and  the  resultant  electrons 
are  able  to  enter  the  potential  wells  in  the 
CCD  channel.  The  extent  of  this  well  filling 
Is  not  predictable,  but  It  Is  reasonable  to 
assume  that  all  wells  will  experience  the 
same  amount  of  additional  charge.  If  the 
gamma  radiation  pulse  Is  Incident  on  the 
CCD  when  half  of  the  samples  have  been  read, 
the  remaining  half  of  the  samples  will  have 
a DC  offset  with  respect  to  the  first  half. 

A differential  channel  CCD  can  be  used 
to  remove  the  effects  of  thermal  and  radia- 
tion well  filling.  This  Is  accomplished  by 
using  a two  channel  CCD  on  the  same  substrate, 
driven  by  the  same  clock  signals.  The  In- 
put signal  Is  applied  to  only  one  channel; 
the  remaining  channel  will  have  only  a DC 
level  on  Its  Input.  As  a result,  the  only 
variation  In  the  output  of  the  second 
channel  will  be  due  to  thermal  and  radiation 
effects.  The  two  channel  outputs  are  connec- 
ted to  a differential  amplifier,  possibly 
Integrated  with  the  output  amplifier  for 
signal  gain.  The  radiation  and  thermal 
filling  will  be  common  to  both  channel  out- 
puts; consequently  their  effects  will  not 
be  seen  on  the  output  of  the  amplifier. 


CONCLUSION 

The  supporting  peripheral  circuitry 
required  to  operate  a high  speed  CCD  has 
been  designed  and  implemented  with  discrete 
standardly  available  devices.  The  developed 
circuits  enable  the  devices  to  approach 
their  present  full  performance  capability 
In  a working  system  application.  The  cost- 
effective  implementation  of  the  major  ele- 
ments of  the  support  system,  such  as  pro- 
pagation drivers  and  input  circuits,  suggest 
the  CCD  approach  to  many  very  high  speed 
analog  applications  is  a viable  one.  Stan- 
dard high  speed  ECL  logic  families  were 
found  to  be  adequate  for  developing  and 
timing  the  various  clocking  and  control  sig- 


nals required.  Because  the  time  expansion 
application  was  of  major  concern,  high- 
speed output  circuitry  was  not  considered 
extensively.  The  design  and  Interface 
techniques  required  to  develop  such  cir- 
cuitry, however,  are  similar  to  those 
described. 

Areas  In  which  Improvement  could  bene- 
fit overall  system  performance  and  ease  of 
production  are  sample  and  hold  amplitude 
accuracy  and  propagation  gate  driver  delay 
consistency.  Methods  of  increasing  the  Iso- 
lation between  sample  and  hold  output  and 
the  high  level  CCD  propagation  gate  signals 
are  currently  being  Investigated.  More 
accurate  control  of  propagation  gate  timing 
will  Improve  accuracy  of  the  potential 
equilibrium  input  method  and  Insure  maximum 
charge  handling  capability  of  the  CCD  (im- 
proved dynamic  range).  Differential  channel 
CCD's  have  been  successfully  operated  at 
lower  speeds6.  Significant  advantages  to 
a similar  approach  at  high  speed  operation 
are  anticipated.  Greatly  increased  input 
coumon  mode  rejection  should  result  if  iden- 
tical input  structures  are  used.  Thermal 
and  radiation  filling  as  well  as  EMI  effects 
on  the  output  signal  will  be  greatly  re- 
duced if  channel  balance  is  maintained. 
Compensation  of  output  device  offsets  and 
temperature  drifts  should  be  more  easily 
achieved.  GARD  is  currently  developing  a 
dual  channel  PCCD  system  operating  at  the 
speeds  described. 
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Figure  8.  CCD  Clock  Driver, 
Block  Diagram 


Figure  11.  Reset  FET  Gate 
Drive  Circuit 
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Figure  9.  CCD  Output  Circuit  Figure  12.  CCD  Output  Waveform 


1 


A CCD  MEMORY  FOR  RADAR  SIGNAL  PROCESSING 


R.  A.  Belt 
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ABSTRACT 

The  results  of  an  Air  Force  Avionics  Laboratory  program  to  develop  a CCD  digital  memory 
device  are  discussed.  Chip  design  and  performance  characteristics  are  given  and  compared 
with  other  known  CCD  devices.  The  use  of  the  16K  bit  CCD  memory  for  radar  signal  pro- 
cessing is  discussed  and  a specific  system  example  is  shown.  CCD  memory  cost  is  projected 
and  compared  with  other  leading  semiconductor  memory  approaches. 


INTRODUCTION 

The  Air  Force  has  a significant  number 
of  applications  for  10s  to  108  bit  memories 
which  do  not  require  non-volatile  operation. 
Among  these  are  synthetic  aperture  radar 
processors,  scan  converters,  radar  change 
detectors,  high  speed  swapping  discs  in 
communications  systems,  and  buffer  memories 
for  video  sensor  bandwidth  compression.  In 
1972  the  Air  Force  Avionics  Laboratory 
initiated  a program  with  Fairchild  Camera 
and  Instilment  Co.  (Ref  L)  to  develop  a 
low-cost  general  purpose  digital  CCD  mem- 
ory chip  that  would  offer  significant  cost 
and  performance  advantages  for  such  systems. 
That  program  has  now  concluded  with  the 
demonstration  of  a 16K  bit  device  and  the 
partial  development  of  a 32K  bit  device, 
both  of  which  have  potential  application 
in  military  and  comnercial  systems. 

DISCUSSION  OF  CHIP  DESIGNS 

The  Fairchild  devices  employ  a novel 
memory  organization  to  achieve  fast  access 
time  along  with  low  power  dissipation.  This 
organization  is  known  as  the  Line-Address- 
able Random  Access  Memory  (LARAM)  approach. 
(Fig.  1)  As  implemented  with  a 1-1/2  phase 
CCD  structure,  this  organization  achieves 
bit  densities  comparable  to  either  the  ser- 
pentine or  SPS  types  while  reducing  chip 
access  time  and  clock  load  capacitance  by 
an  order  of  magnitude.  The  principle  of 


operation  involves  clocking  a string  of 
bits  into  a selected  register  via  a conmon 
input  bus.  The  clocks  are  then  halted  and 
tlve  information  stored  in  a static  fashion 
as  in  an  MOS  RAM  type  device.  As  long  as 
the  memory  returns  to  this  register  before 
the  leakage  charge  exceeds  the  unity  thresh- 
old, any  other  register  may  be  selected  at 
random  and  undergo  a READ,  WRITE,  or  RESTORE 
operation.  When  the  original  register  is 
again  selected,  the  information  is  clocked 
out,  sensed,  and  either  recirculated  or 
replaced  with  new  data  as  appropriate.  'Hie 
key  to  obtaining  a compact  chip  layout  is 
the  1-1/2  phase  CCD  structure,  which  per- 
mits the  single  selectable  clock  line  to 
run  the  entire  length  of  each  register. 

16K  BIT  CHIP  DESIGN 

A block  diagram  of  the  16K  chip  is 
shown  in  Fig.  2.  The  chip  is  organized  as 
four  parallel  sections  of  4K  bits  each. 

Each  section  has  its  own  data  input  and 
output  pin.  A decoder  for  each  section 
selects  one  of  the  thirty- two  registers  in 
that  section,  resulting  in  only  four  reg- 
isters being  clocked  on  the  chip  at  any  one 
time.  The  active  po>er  dissipation  is  thus 
reduced,  allowing  clock  drivers  on  the  chip  it- 
self, resulting  in  a simpler  device  to  the 
memory  user.  On-chip  control  logic  can 
switch  the  chip  into  either  a WRITE  mode. 
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an  NDRO  READ  mode,  a R/M/W  mode,  or  a data 
REFRESH  mode.  In  the  REFRESH  mode  the  data 
is  recirculated  on-chip  with  the  I/O  cir- 
cuits powered  dovn. 

Data  rate  is  variable  from  400  KHz  to 
5 MHz  except  in  the  R/M/W  mode  where  the 
maximum  data  rate  is  3 MHz.  Data  can  be 
read  successively  into  the  same  register  or 
into  adjacent  registers  with  no  loss  of 
speed,  although  power  dissipation  will  be 
higher  in  the  latter  mode  due  to  the  higher 
duty  cycle  of  the  address  circuits.  Data 
rate  is  continuous  in  all  chip  modes  and  all 
addressing  patterns.  Access  time  to  a ran- 
dom register  is  200  nanoseconds.  The  aver- 
age access  time  is  12.8  microseconds,  and 
the  maximun  access  time  to  a random  bit  is 
2S.6  microseconds . 


A picture  of  the  chip  is  shown  in  Fig. 
3.  The  chip  is  201  by  219  mils,  and  is 
packaged  in  a standard  22  pin  dual -in- line 
package.  The  chip  dissipates  200  mW  at  a 
5 NHz  data  rate,  and  less  than  50  mW  in  the 
REFRESH  mode.  Only  one  12V  clock  is  re- 
quired, which  has  a 200  pF  capacitance  load 
All  pins  except  the  12V  clock  are  fully  TTL 
compatible  with  no  pull-up  resistors 
required.  The  device  has  tristate  outputs 
to  facilitate  paralleling  the  chips  in  a 
memory  system. 

32K  BIT  (HIP  DESIGN 

A block  diagram  of  the  32K  bit  device 
is  shown  in  Fig. 4.  The  device  is  identical 
in  design  and  operation  to  the  16K  bit 
device,  except  that  it  has  only  one  input 
pin  and  one  output  pin  for  the  entire  chip. 
This  is  achieved  by  means  of  an  additional 
on-chip  decoding  circuit  which  selects  one 
of  the  eight  simultaneously  clocked  regis- 
ters for  routing  to  the  output  buffeT.  The 
other  seven  registers  are  automatically 
recirculated  on-chip.  A picture  of  the 
device  is  shown  in  Fig.  5.  The  entire  chip 
is  240  X 240  mils,  and  is  packaged  in  an 
18  pin  ceramic  DIP  with  0.4  mil  pin  spacing. 
Clock  capacitance  is  only  200  pF  for  a sin- 
gle clock  line. 

(HIP  CONSTRUCTION  FEATURES 

Eoth  devices  share  the  same  CCD  struc- 
ture , sub-circuit  designs,  and  fabrication 
sequence  as  the  Fairchild  9K  CCD  memory 
already  on  the  market  (CCD450) . The  CCD 
registers  are  two-phase  n-channel  buried 
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channel  structures  with  overlapping  poly- 
silicon gates.  A dual  nitride-oxide  gate 
dielectric  is  used,  which  places  all  gate 
electrodes  on  the  same  level  of  gate  die- 
lectric. Ion  implantation  through  the  first 
level  polysilicon  CCD  electrodes  generates 
the  required  asynmetry  for  two-phase  opera- 
tion. Dielectric  isolation  is  used  in  the 
M3S  support  circuits  to  obtain  higher  pack- 
ing density.  The  fabrication  sequence 
requires  nine  photomasks,  of  which  only  two 
involve  critical  mask  alignments. 

Sub -circuits  conmon  to  both  devices 
include  level  shifters,  decoders,  line 
drivers,  sense  amplifiers,  control  logic, 
and  I/O  circuits.  A dual  differential  seise 
amplifier  is  used  as  in  the  TI  4K  RAM,  with 
slight  modification  for  sensing  charge 
rather  than  current.  Amplifier  sensitivity 
is  further  increased  by  a novel  capacitance 
decoupling  circuit,  which  reduces  the 
loading  of  the  CCD  outputs  on  the  amplifier 
input  node.  The  sense  amplifier  compares 
the  charge  levels  in  the  selected  register 
with  a reference  level  in  a dunmy  register 
located  in  each  memory  subsection.  Since 
the  reference  level  can  be  adjusted  by 
geometric  factors,  threshold  voltage  track- 
ing is  achieved  without  the  need  for  dedi- 
cated circuits.  This  feature,  plus 
conservative  design  rules,  permits  wide 
operating  margins  and  a higher  device  yield. 

The  present  status  of  16K  chip  develop- 
ment is  characterized  by  the  capability  to 
produce  small  numbers  (>100)  of  fully  work- 
ing prototypes  at  occasionally  excellent 
yields  (>30%).  A large  number  of  additional 
devices  are  fully  functional  except  for  one 
line  or  one  section,  indicating  that  further 
yield  improvement  is  possible.  Dark  current 
is  still  a problem  and,  if  not  corrected, 
could  restrict  the  temperature  range  to  less 
than  50 °C.  Experiments  with  variations  in 
process  steps  show  promise  for  reducing  the 
number  of  dark  current  spikes  as  well  as  the 
residual  level  of  leakage  charge,  indicating 
that  a temperature  range  of  0°C  to  50°C  may 
still  be  possible.  Device  modification  and 
yield  improvement  is  continuing  under  an 
AFML  contract  (Ref.  2)  as  well  as  under  com- 
pany produce  development  funds.  Sample 
quantities  should  become  available  to  users 
by  the  early  fall  of  1975,  with  limited  pro- 
duction quantities  available  approximately 
six  months  later.  The  device  is  expected 
to  be  competitive  in  a sizeable  comnercial 
market. 
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The  development  of  the  32K  bit  device 
lags  the  16K  device  by  approximately  six 
months.  This  is  attributable  to  the  greater 
complexity  of  the  device,  the  tighter  design 
rules,  and  larger  chip  size  involved.  It  is 
possible  that  this  device  will  be  made 
available  commercially  also,  although  market 
volune  maybe  higher  for  the  16K  device. 

COMPETING  16K  BIT  DEVICES 

Two  other  16K  bit  CCD  memory  devices 
have  been  announced  to  date,  the  Intel  2416 
device  and  the  Bell  Northern  CC16M1  device. 
The  Intel  device  is  available  conmercially 
whereas  the  BNR  device  is  basically  a 
developmental  prototype.  However,  both 
devices  have  characteristic  features  which 
can  be  contrasted  with  the  16K  LARAM  device. 

INTEL  2416 

A block  diagram  of  the  Intel  CCD  is 
shown  in  Fig.  6.  The  chip  is  organized  into 
blocks  of  2S6  bits  which  comnunicate  with 
a single  set  of  I/O  pins  through  a 1 of  64 
decoder,  giving  the  chip  a one  bit  swath. 

The  decoder  operates  like  a 64  bit  RAM 
which  transfers  one  bit  at  a time  from  each 
of  the  2S6  bit  registers.  On-chip  control 
logic  determines  whether  the  chip  is  in  a 
NDRO  READ,  WRITE,  R/M/W,  or  standby  SHIFT 
cycle.  Cycle  time  for  the  RAM  decoder  is 
460  ns.  for  a READ  or  WRITE  cycle  and  620 
ns.  for  a R/M/W  cycle.  Random  access  time 
for  the  READ  cycle  is  250  ns.  to  the  first 
bit  of  a block.  The  minimun  shift  cycle 
period  is  750  ns.  This  gives  a maximum 
chip  access  time  of  less  than  200  micro- 
seconds to  any  random  bit,  and  a maximum 
internal  shift  rate  of  1.33  Miz  in  the 
search  mode. 

The  decoder  can  be  used  to  read  con- 
secutive bits  out  of  the  same  256  bit 
block  or  consecutive  bits  out  of  successive 
adjacent  registers.  The  first  alternative 
requires  one  RAM  cycle  and  one  SHIFT  cycle 
for  each  bit  transferred,  limiting  the  max- 
imun  data  rate  to  800  KHz  for  the  READ  and 
WRITE  inodes  or  730  KHz  for  the  R/M/W  mode. 

The  second  alternative  permits  a higher 
2 KHz  data  rate  for  the  READ  and  WRITE  mode 
and  a 1.33  Miz  rate  for  the  R/M/W  cycle; 
however,  in  this  case  the  data  rate  is  not 
continuous  because  each  time  the  RAM  is 
conpletely  loaded,  a SHIFT  operation  must 
take  place  to  transfer  the  data  to  the  CCD 
registers.  Minimun  refresh  considerations 


require  further  that  a SHIFT  operation 
occur  at  least  every  16  RAM  cycles  at  70°C. 

A picture  of  the  chip  is  shown  in 
Fig.  7.  It  is  143  X 237  mils  long  and  is 
packaged  in  a standard  18  pin  plastic  DIP. 
The  device  has  four  12  to  14V  clock  inputs, 
two  with  a 500  pF  load  capacitance  and  two 
with  a 700  pF  load  capacitance.  Total  power 
dissipation  is  600  mW  at  1 Miz,  which 
decreases  to  150  mW  in  the  125  KHz  standby 
SIIFT  mode.  Chip  I/O  lines  are  TTL  compat- 
ible, although  pull-up  resistors  are 
required.  The  chip  inverts  data  from  input 
to  output. 

BELL  NORTHERN  CC16M1 

The  BNR  device  (Fig  8)  is  organized  as 
four  parallel  registers  of  4K  bits  each, 
with  separate  data  input  and  output  pins  for 
each  4K  block.  Each  block  consists  of  two 
parallel  SPS  registers  of  2K  bits  each  which 
operate  in  a push-pull  fashion.  The  SPS 
registers  have  a 16  bit  input  register  and 
32  parallel  64  bit  registers  half  of  which 
are  loaded  on  alternate  clock  phases.  The 
data  rate  at  each  I/O  pin  is  1 to  10  Miz, 
which  implies  an  average  access  time  of  0.2 
to  2.0  milliseconds  for  each  4K  block.  The 
chip  dissipates  only  325  mW  at  a 10  Miz  data 
rate  and  only  85  mW  at  a 1 Miz  rate. 

The  chip  generates  all  its  own  internal 
clocks  and  timing  from  a single  2-phase 
clock  input.  Clock  swing  is  0-1 2V  and 
capacitive  loading  is  only  60  pF  on  each 
clock  line.  On-chip  control  logic  switches 
the  chip  to  either  a WRITE,  R/M/W,  NDRO 
READ,  or  an  on-chip  RECIRCULATE  mode.  Data 
and  control  lines  are  fully  TTL  compatible, 
with  no  pull-up  resistors  required.  Chip 
size  is  only  137  by  170  mils.  The  device 
is  packaged  in  a standard  16  pin  DIP. 

COMPARISON  OF  16K  DEVICES 

A comparison  of  the  three  16K  devices 
is  shown  in  Table  1.  The  widely  ranging 
characteristics  reflect  the  fact  that  the 
devices  are  directed  at  different  market 
objectives.  The  Intel. device  is  directed 
primarily  at  the  head-per-track  disk  and 
drum  market,  where  its  faster  access  time 
should  yield  significant  system  advantages. 
The  Bell  Northern  device  is  directed  mainly 
at  the  MDS  shift  register  market,  where  it 
can  be  used  in  CRT  refresh,  terminal  storage 
and  comunications  buffering  type 
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applications.  The  Fairchild  device  is 
intended  to  be  a general-purpose  shift 
register  type  of  device  which  will  compete 
in  both  of  the  memory  areas  cited,  but  whose 
unique  accessing  capabilities  might  allow 
the  exploitation  of  new  memory  system  archi- 
tectures. 

Selection  of  the  appropriate  device 
depends  strongly  on  the  type  of  system 
contemplated.  In  a computer-type  memory 
system,  only  a single  bit,  word,  or  block 
of  information  is  accessed  at  any  given  time 
The  primary  measure  of  memory  performance  is 
how  fast  the  data  can  be  made  available  to 
the  CPU.  Since  only  a small  fraction  of  the 
system  is  active  at  any  given  time,  standby 
power  is  the  dominant  feature.  The  larger 
the  memory  becomes,  the  more  standby  power 
must  be  emphasized. 

For  a serial  buffer  or  signal  pro- 
cessing type  of  system  the  primary  measure 
of  memory  performance  is  the  data  transfer 
rate.  Random  accessability  is  not  a major 
advantage  since  the  data  sequence  is  rarely 
re-ordered.  Most  importantly,  the  fraction 
of  devices  active  at  any  time  is  usually 
quite  high,  making  the  active  device  power 
the  dominant  factor.  This  is  especially 
true  in  serial  signal  processing  systems, 
where  all  devices  might  be  active  at  any 
given  time. 

Fig.  9 plots  the  total  power  dissi- 
pation versus  serial  data  rate  for  seme 
candidate  serial  devices.  The  standby 
power  is  seen  to  be  quite  similar  for  all 
the  devices,  reflecting  the  fact  that 
leakage  mechanisms  are  similar  for  these 
NMDS  type  devices.  At  clock  frequencies 
near  one  megahertz,  however,  the  power 
dissipation  differs  greatly,  reflecting 
differences  in  chip  organization  and  in 
the  ratio  of  capacitive  loading  to  DC 
loading  per  bit.  Clearly,  the  power 
savings  can  be  substantial  for  large  serial 
data  systems  if  the  new  CCD  memories  are 
used. 

Keeping  these  comparisons  in  mind  the 
BNR  device  would  likely  be  preferred  for 
shift-register  memory  applications  due  to 
its  high  data  rate,  low  power  dissipation, 
small  package  size,  wide  temperature  range, 
ability  to  string  registers,  and  potential 
for  low  chip  cost  (ie.  small  chip  size  and 
standardized  process).  The  Fairchild  device 
would  rank  a close  second  with  its  more 


complicated  overhead  requirements,  smaller 
tenperature  range,  larger  package  size,  and 
more  complex  fabrication  process.  The  Intel 
device  would  rank  a distant  third,  with  a 
heavy  penalty  attached  to  its  discontinuous 
data  rate,  single  bit  swath,  data  inversion 
and  increased  overhead  requirements.  Cost 
considerations  based  on  volume  sales  capa- 
bility could  influence  the  preference  some- 
what if  low  system  cost  is  a primary 
objective. 

A different  order  of  ranking  results  if 
a disk- type  memory  system  is  considered. 

Here,  the  Intel  device  is  most  highly 
preferred  for  its  fast  access  time,  single 
bit  swath,  short  time  to  refresh,  small 
package  size,  higher  temperature  range, and 
lower  cost  potential.  The  Fairchild  device 
compares  favorably,  but  is  penalized  some- 
what for  its  four  bit  swath,  lower  temper- 
ature range,  more  conplicated  fabrication 
process,  and  either  a long  or  an  unconven- 
tional refresh  cycle.  The  BNR  device  ranks 
third  for  its  slow  access  time  and  long  time 
to  refresh.  All  three  devices  can  be 
improved  somewhat  for  a disk-type  memory- 
application  through  simple  design  modifi- 
cations. Such  modifications  might  include 
the  sharing  of  a common  I/O  pin,  decoding 
on-chip  for  a single  bit  swath,  and  in 
general,  sinplifying  the  chip  interface 
requirements . 

APPLICATION  OF  CCD’s  TO  RADAR  SIGNAL 
PROCESSING 

Synthetic  aperture  radar  systems  are 
notorious  for  the  digital  memory  capacities 
they  require.  A block  diagram  of  a typical 
system  is  shown  in  Fig.  10.  Essentially, 
the  system  collects  high  frequency  radar 
returns  at  a low  duty  cycle,  stretches  them 
to  achieve  a lower  bandwidth  at  a continuous 
duty  cycle,  filters  the  data  to  extract  the 
imaging  information,  and  presents  the  infor- 
mation to  a display  or  recorder.  Two  mem- 
ories are  generally  required,  one  in  the 
processor  and  one  with  the  display.  With 
high  resolution  systems,  these  memories  can 
reach  capacities  of  106  to  108  bits  or  more. 

Figs.  11  and  12  show  the  detailed  mem- 
ory organization  for  a particular  SAR  pro- 
cessor known  as  Synthetic  Aperture  Precision 
Processor  High  Reliability  (SAPFUIRE) . This 
processor  is  currently  being  developed  by 
Goodyear  Aerospace  Corporation  under  ASD/ABVL 
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sponsorship.  (Ref  5..)  The  small  rectangles 
in  Fig.  12  represent  1 Kbit  blocks  of  data. 
Each  block  stores  data  from  consecutive 
radar  returns  and  presents  it  to  the  complex 
multipliers  sixteen  returns  at  a time.  In 
the  accessible  memory,  each  block  receives 
new  data  every  sixteenth  return  in  an  inter- 
leaved pattern.  The  entire  memory  is  23.6 
megabits  in  size  and  dissipates  2350  tetts. 

Fig.  13  shows  how  the  Fairchild  16K 
CCD  can  be  used  to  replace  the  Intel  2401 
2K  bit  shift  register  in  the  accessible 
portion  of  the  SAPWIRE  memory.  Since  the 
non-accessible  portion  is  purely  serial 
storage,  direct  CCD  substitution  is  a 
straightforward  matter.  The  entire  manory 
is  therefore  replaceable  with  CCD  storage 
with  no  re-organization  required.  It  is 
expected  that  the  CCD  version  will  dissi- 
pate one  tenth  the  power,  occupy  1/3  to 
1/4  the  volune,  and  weigh  1/2  to  1/3  as  nuch 
as  the  present  MOS  shift  register  version. 

In  production,  it  should  cost  1/3  to  1/4 
as  nuch  as  the  MOS  unit. 

COST  POTENTIAL  OF  CCD  MMDRY 


manuscript  and  to  Mrs.  Penny  Carpenter  for 
typing  the  final  version. 
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The  cost  of  CCD  memory  is  bounded  by 
the  cost  of  MOS  RAM's  to  less  than  0.1  cents 
per  bit.  It  is  expected  that  CCD’s  can 
achieve  even  lower  costs  because  roughly 
four  times  as  many  bits  can  be  placed  on  the 
same  size  chip  using  the  same  process  and 
design  rules. 

The  projected  cost  of  CCD  memory  is 
shown  in  Fig.  14.  This  projection  by  an 
independent  consulting  firm  agTees  closely 
with  estimates  from  potential  CCD  manufac- 
turers and  large  volune  memory  users.  Table 
II  presents  a second  independent  assessment 
of  CCD  memory  market  size.  It  is  still  too 
early  to  tell  whether  CCD's  will  fulfill 
these  optimistic  predictions,  but  the  poten- 
tial is  definitely  there.  Actual  system 
experience  will  provide  the  answer  over  the 
next  two  to  three  years. 

The  following  individuals  and  compa- 
nies are  acknowledged  for  their  discussions 
of  the  status  of  CCD  technology  and  for 
furnishing  detailed  descriptions of  device 
operation:  Gordon  Moore  and  Sun-lin  Chow 
of  Intel  Corp.;  Mark  Guidry,  Gil  Amelio, 
Henry  Pao,  and  Kamil  Gunsagar  of  Fairchild; 
and  Doug  Colton,  Bill  Coderre,  and  Neil 
Waterhouse  of  Bell  Northern.  Thanks  also  go 
to  J.  Decaire  for  a critical  reading  of  the 
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TABLE  1.  COMPARISON  OF  16K  CCD  MEMORY  (HIPS 


CHARACTERISTICS 

FAIRCHILD 

CD460 

INTEL 

2416 

BNR 

CC16M1 

Organization 

(Swath/select/block  size) 

4/random/128 

1 /random/ 2 56 

4/serial/4K 

Operating  modes 

R,W,R/M/W,RECIRC 

R,W, R/M/W,  SHIFT 

R,W, R/M/W, RECIRC 

On-Chip  recirculate 

YES 

YES 

YES 

Off-Chip  recirculate 

R/M/W  (latch  Req'd) 

NO 

YES 

Required  power  supplies 

♦125V,  +5V,  -5V 

+12V,  -5V 

+12V.  +SV,  -SV 

Clock  voltages 

12V 

12V 

12V 

Clock  phases 

2 

4 

2 

Clock  capacitance 

120pF,  ISpF 

2 0 500pF 

2 0 700pF 

2 0 60pF 

Clock  rep  rate 

0.5  to  5.0  NHz 

0.1  to  1.3  Nflz 

0.5  to  5.0  MHz 

Data  transfer  rate  (per  pin) 

0.5  to  5.0  Wiz 

0.2  to  2.0  IWz* 

1.0  to  10  Wz 

Worst  case  access  time 

25.6ys 

192ys 

0.4ms 

Average  access  time 

I2.8us 

96ps 

0.2ms 

Time  to  refresh 

0.8ms 

49ps 

0.4ms 

No.  refresh  clock  cycles 

4096 

64** 

2048 

Temperature  range 

0°C  to  55°C 

0°C  to  70°C 

0°C  to  70°C 

Chip  power  (max) 

200mW  0 5 1Hz 

300iriW  0 2 FHz 

32SmW  0 10  Hiz 

Standby  power 

50mW 

24mW 

8SmW  0 1 MIz 

Output  structure 

Tri-state 

TTL  Compatible 

Open  drain 

Pul  1-tq?  resistor  req'd 

Tri- state 

TTL  Compatible 

Chip  size 

219  X 201 

237  X 144 

137  X 170 

Package  size 

22  pin  ceramic 

18  pin  plastic 

16  pin  ceramic 

Process 

IS0-N40S(BC) 

IMDS(SC) 

mos(sc) 

Start-up  clear  req'ts 

8192  cycles 

4096  cycles 

43  cycles 

Unique  features 

-- 

inverts  data 

-- 

* The  data  rate  is  interrupted  every  16  cycles  for  a SHIFT  operation. 

**  128  cycles  are  required  to  restore  the  addresses  to  their  initial  state. 
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TABLE  2.  MBDRY  MARKET  * 


1973 


1978 


Qnty. 

(Bill 

Bits) 


Value 

(Millions) 


Qnty. 

(Bill 

Bits) 


Semiconductor 


•Source:  Ref.  S 


Value 

(Millions) 


Bipolar 

16 

$250 

80 

$ 500 

f 

MOS 

45 

208 

280 

565 

SOS 

-- 

2 

IS 

65 

CCD 

-- 

— 

60 

45 

TOTAL 

61 

460 

435 

1J.75 

Magnetic 

Core 

62 

280 

50 

135 

Plated  Wire 

8 

135 

IS 

155 

Buble 

— 

— 

10 

20 

TOTAL 

70 

415 

75 

310 

Other 

S 

95 

5 

65 

: 1 

TOTAL 

136 

$970 

515 

$1£S0 

Note:  Total  market. 

including  captive  production 
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ABSTRACT 

The  organization  and  performance  of  a 16, 384-bit  charge-coupled  device  (CCD)  memory 
are  described.  The  aim  was  to  provide  lower  cost  per  bit  of  storage  consistent  with  high 
data  transfer  rates,  moderate  access  times  and  relatively  low  system  operating  power. 

The  chip  has  dimensions  of  136  x 169  mil^,  to  fit  a standard  16-pin  package,  and  is 
organized  as  four  separate  shift  registers  of  4096  bits,  each  with  its  own  data  input 
and  data  output  terminals.  A two-level  polyslllcon  gate  process  was  used  for  device 
fabrication.  Three  functional  modes  are  provided:  recirculate,  read  and  recircu- 
late, read  and  write,  controlled  by  chip  select  and  write  enable  control  inputs  which 
apply  to  all  four  registers  together. 

A condensed  serial-patallel-eerial  (CSPS)  organization  was  found  to  provide  the 
highest  packing  density  and  lowest  system  cost  per  bit,  but  requires  various  clock 
waveforms.  Most  of  these  are  generated  on-chip,  some  operating  at  the  serial  transfer 
frequency  and  some  at  the  parallel  transfer  frequency.  Only  two  external  clocks  are 
required,  driving  capacitances  of  60  pF  each  at  one-half  the  data  transfer  rate. 

Operation  at  data  rates  of  100  KHz  to  10  MHz  have  been  demonstrated  experimentally, 
the  overall  operating  power  at  10  MHz  being  less  than  20yW/bit . 


1.  INTRODUCTION 


For  the  design  of  systems  requiring 
digital  memory,  including  memory  hierar- 
chies for  large  and  small  computers,  the 
principal  performance  parameters,  in  order 
of  importance  are:  access  time  (also  called 
latency  in  serial  memories),  reliability, 
maximum  frequency  of  data  transfer,  power 
per  bit  during  normal  operation,  and 
standby  power  per  bit  in  the  case  of 
volatile  memories. 

Comparison  of  the  various  available 


technologies  with  regard  to  cost  per  bit 
as  a function  of  access  time  leads  to  a 
relationship  as  shown  in  Fig.  1,  illus- 
trating the  "access  gap"  in  which  there 
has  been  no  technology  which  is  both 
available  and  cost-effective  within  the 
computer  memory  hierarchy.  Magnetic 
cores,  bipolar  and  MOS  RAMs  have  been 
fast  but  too  expensive,  while  drums  and 
disks  were  cheaper  but  too  slow.  MOS 
shift  registers  have  found  wide  applica- 
tions where  small  amounts  of  memory  were 
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Fig.  1 - MEMORY  SYSTEM  PRICE  VS  ACCESS 
TIME 


needed,  for  very  small  systems  or  for 
buffering  mechanical  devices  such  as 
disks  whose  speed  cannot  be  usefully 
varied,  but  their  cost  per  bit  has  been 
greater  than  for  RAMs  by  a factor  of  two 
or  more,  when  the  access  gap  really  needs 
something  less  expensive. 

Discussions  with  many  systems  designers 
have  indicated  that  the  CCD  serial  memory 
technology  can  play  a useful  role  in 
filling  the  access  gap,  eventually  at  lower 
system  cost  per  bit  than  RAMs,  yet  offering 
performance  that  cannot  be  achieved  using 
drums  or  disks.  Many  of  the  uncertainties 
which  are  Inherent  in  cost  predictions  can 
be  avoided  by  taking  the  MOS  RAM  technology 
as  a benchmark,  and  taking  into  account  the 
relative  packing  densities,  process  com- 
plexities, and  expected  yields.  It  is  not 
to  be  expected  that  CCDs  will  compete 
directly  with  RAMs  or  with  moving  head 
disks,  but  the  arrival  of  CCD  technology 
will  encourage  re-evaluation  of  the  trade- 
offs which  determine  the  relative  amounts 
of  mainframe  and  disk  storage  in  present- 
day  systems.  To  allow  for  residual  uncer- 
tainties, and  to  overcome  inertia  in  esta- 
blishing new  products,  a projected  factor- 
of-two  cost  advantage  over  RAMs  has  been 
suggested  as  the  minimum  which  is  necessary 
to  Induce  semiconductor  manufacturer  and 
systems  designers  to  tske  CCDs  seriously. 

The  development  of  the  16K  CCD  memory  to 
be  described  here  was  aimed  at  projecting 
a fourfold  system  cost  advantage  over  RAM 


systems,  even  if  this  required  the  accep- 
tance of  longer  access  times  than  those 
already  achieved  in  CCDs,  including  block- 
addressable  memories  [1].  A number  of 
such  devices  have  been  developed  by  various 
manufacturers  and  laboratories;  most  of 
them  provide  access  to  relatively  small 
blocks  of  serial  data,  of  typically  256  or 
128  bits,  although  differing  in  maximum 
data  rates,  operating  power,  and  system 
overheads  for  clocking,  data  transfer  and 
data  refreshing.  The  new  16K  device 
described  here,  designated  CC16M1, 
achieves  a higher  packing  density  by  using 
an  improved  form  of  serial-parallel-serial 
organization  using  relatively  large  arrays 
of  2048  bits  each,  two  such  arrays  being 
paralleled  for  each  block  of  4096  bits. 
Despite  this  large  block  size,  the  worst- 
case  access  time  is  only  410  y sec  at  a 
data  transfer  rate  of  10  MHz.  However, 
this  organization  requires  a larger  number 
of  clock  waveforms,  which  therefore  must 
be  generated  on-chip  in  order  to  minimize 
the  number  of  external  connections  and  to 
keep  the  system  overheads  low. 

II.  ORGANIZATION  OF  CCD  CHIP  FOR 
HIGH  DENSITY  STORAGE 

Comparison  of  various  alternatives 
led  to  the  selection  of  a serial-parallel- 
serial  (SPS)  organization,  which  offers 
several  advantages.  Especially,  these 
Include  greatly  reduced  clock  power  at 
high  data  transfer  rates,  since  the  SPS 
structure  reduces  the  number  of  transfers 
experienced  by  each  charge  packet  to  a 
small  fraction  of  what  it  would  be  for  a 
purely  serial  shift  register.  Also,  for 
any  given  set  of  geometrical  layout 
rules,  serial-parallel-serial  (SPS) 
organizations  offer  high  packing  density 
because  only  one  sense  amplifier  is 
required  for  a large  array,  such  as  the 
2048-bit  array  chosen  for  the  present 
design.  This  allows  space  for  designing 
the  sense  amplifier  to  detect  extremely 
small  amounts  of  charge,  and  the  CCD 
storage  electrodes  can  be  small,  both 
for  this  reason  and  because  the  electrode 
dimensions  are  not  limited  by  any  need 
to  pack  the  sense  amplifier  into  the 
repeat  spacing  of  every  one  or  two 
parallel  rows. 

The  packing  density  in  the  CC16M1 
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was  considerably  Increased  by  the  intro- 
duction of  two  Improvements  to  the  SPS 
structure.  One  of  these  was  a two-phase 
Interlaced  organization  of  the  serial- 
parallel  and  parallel-serial  transfers, 
by  which  the  serial  registers  are  loaded 
and  unloaded  twice  during  every  clock 
period  of  the  main  parallel  array.  Alter- 
nate rows  of  the  parallel  array  are 
serviced  on  one  occasion,  and  the  alter- 
nate remaining  rows  are  serviced  on  the 
other.  Each  serial  register  is  required 
to  store  only  half  as  many  bits  as  there 
are  parallel  rows,  which  permits  a reduc- 
tion in  the  pitch  spacing  of  the  rows, 
as  well  as  halving  the  number  of  high- 
speed transfers. 

An  even  more  significant  increase  in 
density  was  obtained  by  adapting  the 
basic  principle  of  the  multiplexed 
electrode-per-bit  (ME/B)  organization,  [2]. 
As  originally  described,  serial  strings  of 
data  are  allowed  to  occupy  adjacent  sto- 
rage locations,  rather  than  occupying  every 
other  location,  as  in  two-phase  clocking, 
or  every  third  location,  as  in  three-phase 
clocking.  The  bits  in  each  string  must 
then  be  moved  one  at  a time,  making  use  of 
a single  vacant  location.  The  operation 
requires  the  application  of  a sequence  of 
individual  clock  waveforms  (ripple  clocks) 
to  the  set  of  storage  electrodes,  and 
although  such  a sequence  can  be  generated 
by  ring  counters  situated  along  the  edges 
of  the  array,  this  tends  to  limit  the 
pitch  repeat  spacing  of  the  electrodes  of 
the  parallel  array  to  the  density  which 
can  be  achieved  in  MOS  ring  counters. 

Also,  although  the  repetition  frequency  of 
each  clock  is  low,  the  clock  edges  must  be 
fast,  because  the  transfers  must  take 
place  one  at  a time. 

In  the  CC16M1  these  problems  were 
avoided  by  identifying  an  optimum  organi- 
zation, adapting  the  ripple  clock  principle 
to  short  data  strings  of  only  three  bits 
each,  each  string  being  separated  from  the 
next  by  a vacant  location.  A set  of  four 
clocks  is  then  sufficient  to  drive  all  the 
storage  electrodes  of  the  main  parallel 
array,  and  each  transfer  gate  could  also 
be  driven  from  the  same  waveform  as 
applied  to  the  following  adjacent  storage 
electrode,  as  is  done  in  ordinary  two- 
phase  clocking.  However,  another  set  of 


four  clocks  is  actually  used  for  the 
transfer  electrodes,  since  this  enables 
"full-bucket"  charge  storage,  Increasing 
the  amount  of  charge  reaching  each  sense 
amplifier,  with  resulting  Increase  in 
noise  margins.  All  eight  clock  waveforms 
are  distributed  on  buses  along  the 
edges  of  the  storage  arrays,  from 
centrally- located  clock  drivers. 

This  combination  of  an  Interlaced 
serial-parallel-serial  organization  with 
a ripple-clock  scheme  characterized  by 
the  storage  of  short  strings  of  data 
provides  a high  density  of  storage,  for 
which  the  name  "condensed  serial-parallel- 
serial"  or  "CSPS"  organization  is  suggested. 

The  choice  of  CSPS  as  the  optimum 
organization  for  CCD  memories  is  only 
justified  if  the  array  size  is  sufficiently 
large,  otherwise  the  area  occupied  by  the 
serial  registers  and  sense  amplifiers,  and 
the  power  they  consume,  become  dispropor- 
tionately large.  Fig.  2 illustrates  the 


Fig.  2 - AVERAGE  AREA  PER  BIT  VS 

ARRAY  SIZE  IN  CSPS  ARRAYS 


relationship  between  array  size  and 
average  area  per  bit,  for  CSPS  arrays 
having  the  same  ripple  spacing  and  multi- 
plexing factors,  cell  dimensions,  sense 
amplifier,  and  input  and  output  buffers  as 
used  in  the  CC16M1.  The  averaging  takes 
into  account  the  areas  occupied  by  the 
above  circuit  features,  but  does  not 
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Include  Che  area  occupied  by  the  clock 
drivers,  clock  distribution  buses,  and 
other  support  circuitry,  since  these 
facilities  can  be  shared  by  a number  of 
arrays  and  therefore  do  not  greatly 
Influence  the  choice  of  size  for  each 
Individual  array.  Fig.  3 Illustrates  the 
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Fig.  3 - TOTAL  AVERAGE  POWER  BIT 

AND  MAXIMUM  ACCESS  TIME  AT 
5 MHZ  RELATIVE  TO  ARRAY  SIZE 

corresponding  effect  of  array  size  on 
average  power  consumption  per  bit.  Once 
again,  the  contribution  made  by  the 
shared  support  circuitry  Is  not  included. 

It  may  be  seen  that  the  CSPS  organization 
is  more  favourable  for  larger  arrays, 
containing  at  least  1 kilobit  each. 

In  the  geometrical  layout  which  was 
chosen,  the  area  of  each  storage  location 
Is  0.43  mil2,  including  the  area  of  the 
associated  transfer  electrode  and  Isola- 
tion between  adjacent  parallel  rows. 
Allowing  for  the  absence  of  a data  bit  in 
every  fourth  location,  the  effective  area 
occupied  by  each  bit  stored  in  the  parallel 
part  of  the  array  is  0.5V  mil2.  A multi- 
plexing factor  of  32  was  chosen  for  the 
number  of  parallel  registers  in  each  array. 
Since  two  arrays  are  paralleled  to  make  up 
each  block,  the  effective  multiplexing 
factor  is  64  relative  to  the  external 
data  stream,  so  that  at  a data  rate  of  10 
MHz  the  parallel  clock  frequency  is  only 
156  KHz.  Providing  two  paralleled  arrays 
is  considerably  more  favourable  than 
providing  a single  array  with  64  parallel 


paths  and  the  same  overall  block  size, 
since  the  number  of  serial  transfers 
experienced  by  each  bit  is  halved,  and 
the  serial  transfer  frequency  is  also 
halved.  An  array  size  of  2048  bits  was 
chosen,  providing  an  average  area  per  bit 
of  0.65  mil2  for  each  CCD  array,  equiva- 
lent to  0.8  mil2/bit  when  the  array 
support  circuitry  is  included.  Only  a 
small  advantage  in  area  per  bit  and  power 
per  bit  would  have  been  achieved  by 
choosing  a larger  array  size  than  2048 
bits,  while  the  access  time  would  have 
lengthened  in  proportion.  However, 
another  reason  for  this  choice  was  that 
it  led  to  a quad-4K  configuration  on  the 
16K  chip,  which  was  convenient  since  a 
standard  16-pin  package  provides  enough 
pins  to  permit  individual  input  and  output 
connections  to  each  block,  in  addition  to 
those  required  for  the  d.c.  power  rails, 
two  external  clocks  and  two  control  inputs 

Fig.  4 shows  the  organization  of  one 
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Fig.  4 - ONE  4096-BIT  MEMORY 
BLOCK 


4K  block  of  memory,  including  various  bit 
delays  which  lie  outside  the  SPS  arrays. 
These  external  bit  delays  were  Included 
for  various  reasons:  to  ensure  proper 
control  of  the  input  charge,  to  transfer 
output  charge  from  the  arrays  to  the 
sense  amplifiers,  and  to  allow  data 


Interleaving  between  the  two  arrays  while 
enabling  them  to  operate  Internally  In  the 
same  phase  with  common  clocks.  The  bit 
delay  which  follows  each  sense  amplifier 
forms  part  of  each  data  output  buffer 
amplifier,  and  permits  driving  the  output 
buffer  at  high  speeds,  while  the  sense 
amplifier  Is  not  loaded  by  excessive 
capacitance. 


III.  SUPPORT  CIRCUITRY  AMD 
CHIP  LAYOUT 

A block  schematic  diagram  of  the  on- 
chip  clock  generation  circuitry  is  shown 
In  Fig.  S.  The  external  clocks 


Fig.  5 - ON-CHIP  CLOCK  GENERATION 
CIRCUITRY 


drive  a divide- two  counter,  which  In  turn 
generates  a set  of  four-phase  clocks  for 
operating  the  Internal  circuitry.  A 
divide-4  circuit  and  feedback  logic 
provide  an  Impulse  at  the  parallel  clock 
rate  Into  a 33-stage  timing  chain,  which 
in  turn  provides  Impulses  at  the  proper 
times  to  each  of  the  clock  waveform  genera- 
tors. Because  of  the  three  feedback  tap- 
pings on  the  timing  chain,  the  divide-4 
circuit  actually  functions  as  a divide-16 
counter.  Each  clock  generator  can  be  re- 
presented as  a set/reset  flip-flop,  which 
Is  set  by  an  impulse  from  one  point  on 
the  timing  chain,  and  reset  from  another 
point.  Those  clock  generators  which 
operate  on  the  main  parallel  arrays  must 
drive  high  capacitances,  but  are  not 
required  to  switch  at  high  speed.  The 
clock  generators  which  are  associated  with 
transfers  Into  and  out  of  the  serial 
registers  drive  only  small  capacitances, 
but  must  generate  fast  edges  to  synchronize 
with  the  serial  transfer  processes.  There- 
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fore, the  MOS  transistors  employed  in  the 
output  driver  of  each  clock  generator  are 
all  of  comparable  size,  with  channel 
breadth  about  30  times  the  channel  length. 
These  provide  more  than  adequate  driving 
capability  for  the  16K  memory.  The 
counters,  timing  chain  and  clock  generators 
have  been  designed  to  clear  rapidly  any 
Illegal  states  which  might  be  picked  up  as 
a result  of  external  clock  Irregularities. 
The  circuitry  also  recognizes  a "start-up 
mode"  whenever  d.c.  power  is  applied  while 
both  external  clocks  are  low,  which  does 
not  occur  du'lng  normal  operation.  Follow- 
ing recognition  of  the  start-up  mode,  the 
Internal  clocks  will  commence  with  predic- 
table phases  relative  to  the  first  turn-on 
of  either  of  the  external  clocks,  and  Input 
data  can  be  supplied  within  43  or  45  clock 
cycles,  depending  on  which  external  clock 
turns  on  first.  The  sense  amplifier  at 
the  output  of  each  2K  array  Is  a differen- 
tial-input flip-flop,  which  was  specially 
designed  for  this  task  because  the 
requirements  differ  from  those  in  MOS  RAMs. 

The  CC16M1  Is  provided  with  two 
control  inputs,  CHIP  SELECT  and  WRITE 
ENABLE,  and  associated  circuitry  designed 
for  operation  up  to  10  MHz  data  rate  in 
three  functional  modes:  RECIRCULATE, 

READ  and  RECIRCULATE,  READ  and  WRITE. 

In  READ  and  WRITE  mode,  the  4K  blocks 
function  as  "straight-through"  digital 
delay  lines,  which  may  be  serially  Inter- 
connected to  form  larger  blocks  with  no 
penalty  in  maximum  data  rate.  It  was 
considered  to  be  Important  that  the 
CHIP  SELECT  would  operate  from  ordinary 
5-volt  TTL  signals,  since  these  signals 
must  be  generated  Individually  for  all  the 
memory  devices  which  are  OR-tled  to  common 
data  buses.  WRITE  ENABLE  requires  a full 
clock  level,  but  this  is  not  a serious 
disadvantage  because  this  signal  can  be 
supplied  to  a group  of  devices  from  a 
common  driver.  The  physical  layout  of 
the  memory  arrays  and  support  circuitry 
Is  shown  to  scale  in  Fig.  6 
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APPLICATION  IN  SYSTEMS 


The  CC16M1,  by  requiring  only  two 
clocks,  and  handling  continuous  data  streams 
at  high  speeds,  has  been  designed  for 
simplified  application  in  memory  systems. 
Suitable  applications  are  likely  to  take 
advantage  of  the  reduced  access  time  compared 
to  all  fixed-head  disks,  with  which  a memory 
system  built  around  the  CC16M1  could.  In 
volume  production,  be  cost-competitive. 

Other  applications,  such  as  In  video  or 
radar  signal  processing,  require  large 
amounts  of  serial  memory  and  in  recognition 
of  such  applications  the  device  was 
designed  to  permit  serial  Interconnection 
between  blocks  on  the  same  and  on  other 
chips,  with  no  loss  In  maximum  data  rate. 

The  4x4K  organization  of  the  device  Is 
expected  to  be  optimum  for  smaller  systems. 
For  large  systems,  there  would  be  a prefer- 
ence for  a decoded,  block  addressing  (one 
out  of  four)  scheme,  so  that  only  one  bit  of 
any  word  Is  stored  on  any  chip.  This  would 
best  be  Implemented  using  block  addressing 
Into  a larger  number  of  smaller  blocks, 
which  will  be  a logical  extension  of  the 
present  scheme.  However,  an  alternative 
logical  extension  to  chips  of  64K  size, 
with  or  without  block-addressing,  will  be 
seen  by  many  as  being  of  greater  Importance 
In  reducing  system  cost. 


A Fast  Access  Bulk  Memory  System  using  CCD's/ 
A Recorder  Buffer  Memory  using  CCD's 
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ABSTRACT  The  8K  CCD  shift  register  memory  developed  at  Bell-Northern  Research  has 
been  applied  to  two  prototype  memory  structures,  A disc  replacement  system  using 
parallel  storage  and  a block  addressable  serial  storage  buffer  have  been  developed 
to  study  optimization  of  design  techniques  to  achieve  a wide  range  of  data  handling 
rates,  system  flexibility,  and  low  power  bulk  memory  systems. 


Bell-Northern  Research  has  developed 
programs  to  assess  the  feasibility  of  using 
CCD  shift  registers  in  bulk  memory  systems. 

An  8K  CCD  memory  device  was  used  in  two 
systems,  a disc  replacement  that  could  be 
used  on  a PDP-11  Unibus,  and  a block  address- 
able buffer  memory  capable  of  handling  a 
wide  range  of  data  rates.  The  first 
memory  system,  with  a capacity  of  64K  words 
(1  M bit)  was  designed  as  a direct  replace- 
ment for  the  DEC  RS64  disc  memory.  It  was 
used  as  a vehicle  both  to  study  the 
problems  and  system  parameters  associated 
with  a CCD  memory  system  and  to  compare 
operational  performance  with  that  of  the 
disc  memory. 

The  second  system,  which  was  contracted 
for  by  NASA  Langley,  required  particular 
optimization  techniques  in  applying  CCD's 
to  achieve  wide  data  rates  and  low  power 
operation.  A discussion  of  these  systems 
follows  a description  of  design  consid- 
erations using  the  8K  CCD  shift  register 
memory . 

CCD  DESCRIPTION 

The  designs  of  the  memory  systems 
discussed  in  this  paper  were  influenced 
by  the  configuration  and  operational 
requirements  of  the  8K  CCD  that  was 
developed  at  Bell-Northern  Research.  The 
charge  coupled  device  configuration  deter- 
mined the  design  of  the  addressing 
network,  the  clock  timing,  and  the  read/ 


write  sequence.  The  8K  CCD  is  structured 
as  32  recirculating  dynamic  shift  regist- 
ers (tracks)  of  256  serial  data  bits  each. 

In  any  system  addressing  scheme  the  8 least 
significant  address  bits  form  a vi-tual 
address  of  the  data  location  within  each 
track  and  is  determined  by  the  count  on 
an  8 bit  counter.  The  0 address  is  arbit- 
rarily set  the  first  time  data  is  entered 
and  is  matched  to  that  of  the  counter. 

The  next  5 bits  are  applied  to  the  address 
decoder  inputs  on  the  device;  this  permits 
random  access  to  any  track  within  one  bit 
time.  Bits  of  greater  significance  control 
access  to  the  chip  itself  through  the  decod- 
ed chip  enable  (CE)  inputs. 

Two  clock  phases,  01  and  02,  are 
required  to  transfer  data  along  the  shift 
registers,  while  a third  clock,  03,  cont- 
rols peripheral  circuitry  on  the  chip. 

A typical  CCD  timing  chain,  considered  to 
begin  with  the  rising  edge  of  02,  is  shown 
in  Figure  1.  It  is  important  to  note  that 
a READ  operation  always  precedes  WRITE. 

The  CE  and  Address  which  are  set  up  for  the 
READ  during  one  timing  chain  (output  data 
becomes  valid  during  03)  is  stored  on  chip 
in  preparation  for  the  WRITE  command  and 
DATA  INPUT  which  occur  during  02  of  the 
next  cycle  (see  Figure  1) . 

*This  work  was  supported  by  the  National 
Aeronautics  and  Space  Administration  under 
Contract  NAS1-13507.  Contract  Monitor: 

A,  Fripp,  Langley  Res.  Center 


♦This  work  was  supported  by  the  National  Aeronautics  and  Space  Administration  under 
contract  NAS1-13507.  Contract  monitor:  A.  Fripp,  Langley  Research  Center. 
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Fig.  1 Typical  CCD  Read/Write  Cycle 
Waveforms. 


operation  at  12  volts  Vqd  than  at  10  volts, 
a better  yield  of  devices  is  obtained  at 
the  higher  operating  point,  despite  a power 
penalty. 

It  must  be  kept  in  mind,  however,  that 
the  majority  of  the  power  dissipation 
is  in  the  drivers  and  not  in  the  CCD  itself. 
Driver  power  dissipation  is  derived  from  the 
standard  power  calculation: 

p - pAC  + PDC  " CV2f  + VI  (Duty  factor) 

which  contains  a substantial 
DC  component . 

It  is  shown  later  how  to  manipulate  the 
drivers  and  the  timing  chain  to  reduce 
driver  power  dissipation. 

The  power  supply  operating  point 
for  the  disc  replacement  memory  was 
selected  as 


Clock  and  control  signal  loading  and 
level  variation  are  critical  parameters 
in  CCD  operation.  The  8K  clock  phases 
01  and  02  have  a worst  case  loading  of 
700  pf.  each.  Rise  and  fall  times  are 
required  to  be  at  least  25  nsec,  but 
not  greater  than  50  nsec  for  high 
transfer  rates.  To  meet  the  require- 
ments of  high  capacitive  loading  and  high 
speed,  MH0026  MOS  clock  drivers  were  chosen 
for  both  memory  systems  with  a limitation 
of  4 CCD's  per  driver  established.  The 
03  clock  has  a capacitive  loading  of  150  pf. 
so  that  a driver  can  operate  a greater 
number  of  devices.  Since  the  address,  CE, 

W,  and  data  input  lines  have  relatively 
small  capacitive  loads,  10  pf.  or  less, 
simple  drivers  such  as  TTL  open  collector 
gates  or  TTL-to-MOS  drivers  can  be  used 
to  drive  a larger  number  of  devices. 

A typical  range  of  operation  for  the 
8fC  CCD  is  shown  on  the  Schmoo  plot  in 
Figure  2.  The  range  remains  relatively 
constant  throughout  the  frequency  specif- 
ication for  the  device:  that  is,  10  KHz 
to  1 MHz.  As  a greater  number  of  CCD's 
are  driven  by  the  same  clock  driver,  the 
clock  rise  and  fall  times  increase  and  the 
Schmoo  plot  tends  to  shift  toward  a 
higher  substrate  voltage  requirement. 

Since  the  CCD  has  a broader  range  of 


^VDD’  'W 


(12,  -5) 


For  the  buffer  memory  low  power  operation 
was  mandatory  so  that  its  operating  point 
was  selected  as 

(VDD'  V * (10'  ‘3) 

A device  operating  window  of  ±5%  around 
the  operating  point  was  used  over  the 
required  frequency  range  in  selecting 
components;  see  Figure  2. 

CCD  DISC  REpLACEMENT  MEMORY 

The  first  system  that  was  designed 
to  incorporate  the  8K  CCD  was  a disc 
replacement  system  with  a capacity  of  1 
M bit.  A block  diagram  of  the  CCD  memory 
system  is  shown  in  Figure  3.  The  memory 
emulates  the  RC11/RS64  disc  system  and 
Interfaces  directly  on  the  pDp-ll  Unibus. 
The  CCD  Memory  controller  is  much 
simplified  compared  to  the  RC11  yet 
retaining  the  same  essential  features. 

The  1 Megabit  memory  is  organized 
as  64  K words  consisting  of  16  parallel 
data  bits  and  1 parity  check  bit.  An 
increase  in  word  size  requires  only  the 
addition  of  sufficient  memory  devices  in 
parallel  with  the  existing  memory  and 
extension  of  the  address  buses  providing 
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Fig.  2 Typical  Operating  Range  of  the 
8K  CCD. 


for  extremely  flexible  system  design.  Soft- 
ware access  is  permitted  to  any  32  word 
sector.  Since  all  data  is  recirculating  in 
256  word  loops  maximum  access  time  to  com- 
mence transfer  is  255  clock  periods.  There- 
fore at  an  operational  clock  rate  of  ap- 
proximately 800  KHz,  the  average  latency 
time  is  about  150  psec. 

Three  modes  of  operation  are  required: 

1.  Idle  mode:  to  maintain  data  the  CCD's 
are  idled  at  20  KHz  and  chip  enable  is 
inhibited. 

2.  Race  mode:  When  a data  transfer  request 
is  enabled  the  idle  mode  timing  pulse 

is  cleared  and  the  virtual  address 
of  the  data  position  on  a track  is 
incremented.  This  address  is  then 
compared  with  the  8 least  significant 
bits  in  the  disc  address  register  in 
the  controller.  In  case  of  mismatch 
the  timing  chain  is  triggered,  data 
shifted  one  bit,  the  virtual  address 
counter  again  Incremented  and  a fresh 
comparison  made. 

3.  Transfer  mode:  When  the  virtual  ad- 
dress matches  the  start  of  transfer 
address  that  was  set  up  in  the  controller, 
a WAIT  condition  is  set  up  before  the 

CCD  timing  chain  is  again  generated. 


From  this  point  there  are  some  differences 
between  the  WRITE  and  READ  cycles,  (see 
Figure  1). 


Fig.  3 Block  Diagram  of  the  Disc  Replace- 
ment Memory 

During  a write  cycle,  the 
address  match  signal  commands  the 
INTERRUPT  CONTROL  MODULE  to  request 
(NPR)  word  transfer.  When  bus  control 
is  granted,  the  MASTER  CONTROL  MODULE 
brings  the  contents  of  the  core  location  (as 
specified  by  the  Current  Memory  Address 
register)  into  the  controller  data  buffer. 
When  this  has  been  completed,  bus  control 
is  relinquished  and  a TRANSFER  REQUEST 
pulse  is  sent  to  the  CCD  memory  logic. 

Upon  receiving  this  signal,  the  memory 
logic  reads  the  contents  of  the  data  buffer 
and  triggers  the  CCD  timing  chain,  thereby 
storing  the  data  in  the  CCD  memory.  When 
the  WRITE  operation  is  finished,  the  CCD 
memory  returns  a TRANSFER  REPLY  pulse 
back  to  the  controller.  This  pulse  is 
then  used  to  increment  the  three  parameter 
registers  in  the  controller;  the  current 
memory  address  register,  the  disc  address 
register,  and  the  word  count  register. 

After  an  appropriate  delay  to  allow  for 
propagation  of  the  Increment  pulse,  the 
RACE  signal  is  again  asserted  and  the 
cycle  is  repeated.  The  virtual  memory 
address  is  now  in  step  with  the  current 
word  address  pointer  so  that  the  WRITE 
cycle  will  repeat  until  the  word  count 
register  overflows,  indicating  that  the 
required  number  of  transfers  has  been 
made.  Since  the  controller  addresses  32 
word  sectors,  the  number  of  transfers 
will  always  be  a multiple  of  32.  At  the 
end  of  a transfer  cycle,  the  memory  goes 
back  to  its  slow  speed  IDLE  mode. 

During  a READ  cycle,  when  address 
match  is  detected  ,a  TRANSFER  REQUEST 
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signal  is  generated  which  triggers  the 
CCD  timing  chain  to  enable  a data  shift 
and  READ.  As  soon  as  the  output  data  from 
the  CCD  becomes  valid,  it  responds  with  a 
TRANSFER  REPLY  pulse  which  the  controller 
uses  to  latch  the  data  word  into  its  data 
buffer.  Once  this  is  accomplished,  the 
UNIBUS  is  requested  for  an  NPR  word  trans- 
fer. When  BUS  CONTROL  is  granted,  the 
contents  of  the  data  buffer  are  transferred 
into  the  core  location  specified  by  the 
current  memory  address  register.  When 
the  transfer  is  acknowledged,  the  bus  is 
released.  At  the  same  time,  the  three 
parameter  registers  are  incremented.  After 
allowance  for  propagation  delay,  the 
memory  logic  is  again  signalled  to  go  back 
to  the  RACE  mode.  As  with  the  WRITE  cycle, 
the  read  cycle  continues  until  the  word 
count  register  overflows.  Transfer  rate 
for  the  CCD  disc  replacement  memory  is 
governed  by  the  PDP-11  UNIBUS  and  is 
approximately  300K  words  per  second. 

Since  the  CCD  memory  is  a prototype 
system,  only  simple  error  detection 
schemes,  latency  error  and  parity  error 
were  incorporated.  A latency  error 
signal  is  raised  if  during  the  data 
transfer  mode  an  address  match  is  complet- 
ed but  a TRANSFER  REQUEST  signal  is  not 
received  with  50  usees.  The  CCD  timing 
chain  must  then  be  triggered  to  keep  the 
dynamic  memory  refreshed,  causing  RACE 
mode  to  be  reestablished. 

During  a WRITE  cycle,  a parity  bit  is 
generated  from  the  data  input  and  is  stored 
as  a 17th  bit  of  the  word.  When  data  is 
read,  the  output  data  is  used  to  generate 
a parity  bit  which  is  compared  with  the 
stored  17th  bit.  If  they  do  not  match,  a 
parity  error  signal  is  asserted. 

PERFORMANCE  RESULTS 

The  three  modes  of  operation  of  the  CCD 
disc  replacement  memory  demonstrate  a 
capability  not  possible  with  magnetic 
disc  memories.  Not  only  can  the  memory 
stop  temporarily  at  an  address  location 
to  wait  for  a transfer  request  from  the 
processor,  but  it  can  race  to  its  start 
address  at  the  beginning  of  a data  transfer. 
The  low  speed  during  idle  mode  is  used 
to  conserve  power. 

Operating  power  of  the  CCD  memory 
including  controller  and  memory  logic  and 


drivers  was  measured  at  approximately  100 
watts.  This  compares  favourably  with 
the  RC11/RS64  disc  which  nominally  requires 
250  watts  and  this  ratio  would  Improve  as 
the  number  of  equivalent  discs  Increases. 
This  design,  however,  was  not  optimized 
with  respect  to  power  consumption,  since 
standard  TTL,  components  and  open  collector 
gates  were  used  for  board  interface  and 
input  drive  lines  (other  than  clocks)  to 
the  CCD' 8.  Modular  construction  of  the 
memory  boards  resulted  in  redundancy  of 
open  collector  drivers.  It  is  expected 
that  a redesign  using  low-power  Schottky 
TTL.Cf  devices,  and  TTL-to-MOS  drivers 
for  a l*  CCi.  input  lines  would  reduce  the 
operating  power  of  a 1 M bit  system  to 
less  than  25  watts.  Other  techniques  of 
saving  power  consist  of  manipulating  the 
CCD  timing  chain  and  switching  off  the 
clock  driver's  power  supply  to  reduce 
their  D.C.  power  dissipation  as  will  be 
discussed  later. 

Functional  tests  of  the  system 
included  writing  and  retrieving  text  files 
from  the  CCD  memory.  Software  programs 
on  the  PDP-11  were  written  to  write  data 
test  patterns  into  the  CCD  memory.  Every 
CCD  chip  that  was  used  was  previously 
tested  for  pattern  sensitivity  and  frequency 
of  operation  on  a Macrodata  MD-104 
memory  tester.  A continuous  program  of 
READ/COMPARE  following  the  initial  WRITE 
of  test  data  was  carried  out  with  zero 
errors  detected  after  weeks  of  continuous 
operation  in  which  stored  data  was  read 
and  compared. 

BLOCK  ADDRESSABLE  BUFFER  MEMORY 

Experience  in  the  development  of  the 
CCD  disc  replacement  memory  enabled 
considerable  design  improvements  to  be 
applied  to  a different  CCD  memory  struct- 
ure. A buffer  memory  capable  of  accepting 
serial  data  with  rates  from  150  KHz  to 
4.8  MHz  was  developed  under  contract  with 
NASA  Langley.  A low  power  memory  with  a 
randomly-accessible  memory  block  structure 
was  specified.  A block  diagram  of  the 
memory  is  shown  in  Figure  4.  A typical 
use  for  this  memory  would  be  to  accept 
bursts  of  data  arriving  from  sources 
which  may  be  clocked  at  widely  differing 
rates,  temporarily  storing  the  data  in 
separate  blocks,  then  transmitting  at  a 
fixed  rate  selected  blocks  of  data  to  a 
permanent  store.  Since  serial  data  must 


be  stored  in  each  memory  block  in  a first- 
in-first-out  basis,  a CCD  shift  register 
memory  is  particularly  suited  for  this 
application. 


READ/WRITE  cycle  repeated.  The  sire  of 
the  RAM  buffer  is  set  at  4 x 256  bits  and 
is  determined  only  by  the  track  length  of 
the  CCD  and  the  level  of  multiplexing. 


The  system  described  is  a feasibility 
model  representative  of  a larger  operation 
memory.  Some  of  the  problems  that  had  to 
be  overcome  in  the  memory  design  were: 

1.  Accepting  data  rates  over  the  range 

150  KHz  to  4.8  MHz  with  a CCD  specif- 
ied to  operate  only  to  1 MHz., 

2.  Synchronization  of  incoming  data  bursts 
with  the  virtual  start  address  of 
partially  filled  memory, 

3.  Blocks  of  memory  to  be  randomly 
accessible. 

4.  Power  consumption  for  100  K bits  of 
data  to  be  less  than  2 watts  in  idle 
mode  and  under  6 watts  in  access  mode. 

In  order  to  reduce  the  CCD  clock  rate 
and  also  maintain  synchronism  between 
independently  accessed  storage  blocks  four 
way  multiplexing  of  the  input  data  was 
used  with  high  speed  RAM's  operating  as  a 
variable  length  input  buffer  to  the  banks 
of  parallel  CCD's.  Thus  data  presented 
to  che  system  at  extremes  of  4.8  MHz  to 
150  KHz  is  fed  to  the  CCD  memory  at  1.2  MHz 
and  37.5  KHz  respectively.  Input  data 
bursts  of  integrals  of  1 K bits  were  used 
and  all  non-accessed  CCD  blocks  were 
triggered  at  1/4  the  data  rate  to  ensure 
that  both  stored  data  was  kept  alive  and 
at  the  end  of  the  data  input  the  idle 
CCD's  would  have  been  clocked  an  Integral 
number  of  256  transfers  to  bring  all 
blocks  back  into  virtual  address  synch- 
ronism again. 


Special  provisions  are  made  to  minim- 
ize the  power  dissipation.  Low  power  Schot- 
tky  TTL  and  CMOS  logic  are  used  with  silicon 
on  sapphire  CMOS  static  RAM’s  to  meet  the 
necessary  speed/power  criteria.  Specially 
selected  CCD's  with  lower  VDD  (10  volts  cf. 

12  volts  nominal)  were  used  with  optimised 
timing  waveforms.  The  major  source  of 
power  dissipation  lies  in  the  clock  drivers 
when  their  output  is  held  low.  Referlng  to 
Figure  1 the  most  important  technique  in 
saving  power  is  a modification  of  the  usual 
®1»  02  and  03  clock  timing  chain.  The  nom- 
inal 150  nsec,  tj  width  was  expanded  to  a 
maximum  consistent  with  the  cycle  time  and 
in  addition,  this  pulse  was  used  to  gate  off 
the  power  supply  to  02  which  is  held  "low" 
over  this  period.  Thus  0j  and  03  drivers 
are  held  "high"  in  their  low  dissipation 
state  while  02  driver  dissipation  is  reduced 
by  turning  off  the  supply  for  a large  part 
of  each  cycle,  this  is  particularly  bene- 
ficial during  low  speed  or  idle  operation. 
Figure  5 shows  a comparison  of  driver 
power  dissipation  as  a function  of  frequency. 
All  CCD  address  lines  etc.  are  held  high  when 
the  CCD  is  not  being  addressed  and  clocks 
to  CCD's  not  containing  data  are  held  static. 


Input  data  is  collected  in  4 bit  FiR-  4 Block  Diagram  of  Buffer  Memory, 

nibbles  from  where  it  is  written  in  para- 
llel into  4 high  speed  RAM's.  This  action 
proceeds  with  the  RAM  address  starting  at 
zero  and  incrementing  it  after  every  4 Conclusion: 

parallel  bits  have  been  written  in.  When 

the  CCD  virtual  address  reaches  zero  the  Bell-Northern  Research  has  demonstrated 

RAM  address  is  reset  to  zero  and  the  data  the  feaslbility  of  applying  CCD  shift 

contained  at  that  address  is  transferred  registers  in  both  parallel  and  serial 

in  parallel  to  the  4 CCD  inputs.  Fresh  organized  memory  structures.  The  disc 

input  data  then  replaces  this  data  at  replacement  memory  was  used  primarily  as  a 

address  zero  following  which  both  RAM  vehicle  for  studying  the  problems  assoclat- 

and  CCD  addresses  are  incremented  and  the  ed  with  driving  large  numbers  of  CCD  shift 

register  memories  that  have  highly  capacit- 
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Fig.  5 


02  Driver  Dissipation  vs.  Frequency 
With  and  Without  Power  Cutoff  Circuit. 


ive  clock  loads.  The  memory  is  a parallel 
structure  that  demonstrates  a latency  per- 
iod at  least  an  order  of  magnitude  less 
than  magnetic  disc  memories.  The  data 
throughput  is  optimized  to  match  the  data 
transfer  capability  of  the  processor  and 


DEC  Unlbus.  Total  non-optimized  system 
power  is  less  than  half  that  of  the 
equivalent  magnetic  disc.  Expansion  of 
memory  capacity  and  word  length  is  facil- 
itated by  the  parallel  storage  structure. 
Power  consumption  of  this  memory  could 
be  reduced  greatly  by  a redesign  using 
techniques  that  were  incorporated  into  the 
second  system  design,  a serial  storage 
buffer  memory.  The  buffer  memory  demon- 
strated the  capture  of  data  with  a widely 
varying  bandwidth,  flexibility  of  access 
to  any  ordered  set  of  memory  blocks,  and  the 
feasible  operation  of  a bulk  memory  system 
with  extremely  low  power.  Both  of  the 
systems  were  designed  to  provide  ease  of 
expansion  of  memory  capacity,  in  size  and 
number  of  words  and  blocks.  The  amount  of 
peripheral  circuitry  and  power  consumption 
need  be  Increased  only  slightly  to  handle 
large  increases  in  memory  capacity.  It 
is  expected  that  developments  of  CCD  chips 
with  larger  capacities,  higher  data  rates, 
and  lower  clock  line  capacitances  will 
make  CCD's  increasing  attractive  in  the 
design  of  memory  systems. 


ACKNOWLEDGEMENTS: 


The  authors  wish  to  thank  Archie 
Fripp,  of  NASA  Langley,  who  initiated 
the  CCD  buffer  memory  project  under 
contract  NAS1-13507  part  of  program 
506-18-21-03 


COST  PERFORMANCE  ASPECTS  OF  CCD  FAST  AUXILIARY  MEMORY 
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ABSTRACT  Charge  coupled  devices  (CCD's)  have  been  mentioned  as  potential  fast  auxiliary  memories 
in  multiprogrammed  computer  systems  with  virtual  memory.  Declining  MOS  RAM  costs  will  tend  to  allow 
computer  designers  to  put  more  random  access  memory  in  their  systems.  However,  due  to  program  locality 
only  a portion  of  the  memory  is  actively  used.  If  CCD’s  cost  R (>1 ) times  less  than  RAM's,  the  size  of 
the  random  access  main  memory  can  be  reduced  and  a CCD  paging  store  can  be  provided  as  a back  up. 

Active  program  segments  can  now  be  brought  into  the  RAM  as  and  when  needed.  Often  the  question  has 
been  raised  in  industry  as  to  what  value  of  R is  needed  to  justify  this  application  of  CCD's. 

A queueing  network  analysis  is  presented  in  this  paper.  The  model  developed  is  used  to  establish  a 
criterion  for  cost-effectiveness.  A relationship  is  derived  between  RAM/CCD  cost  ratio  R and  the  page 
exception  characteristics  of  the  program  environment.  A rough  rule  of  thumb  is  suggested.  It  states  that 
cost-effectiveness  is  achieved  provided  the  page  miss  ratio  is  less  than  a , where  a is  the  ratio  of  the 
processor  cycle  time  to  CCD  block  reod  time.  This  criterion  is  applied  to  known  miss  ratio  characteristics 
to  obtain  a critical  value  of  R ranging  from  1 .2  to  2.0  for  a = 0.005  and  0.002  respectively.  This  indi- 
cates that  a projected  cost  ratio  of  two  to  four  can  moke  fast  auxiliary  CCD  memories  attractive  for  block 
read  times  ranging  from  200  to  500  microseconds. 

i 

devices  (CCD)  electron  beam  addressable  memories 
(EBAM),  and  magnetic  bubble  domain  devices 
(MBD).  Due  to  the  significant  price  and  perfor- 
mance difference  between  primary  and  secondary 
memory  technology,  computer  designers  have  used 
multi-level  storage  hierarchies  where  the  objec- 
tive is  to  keep  the  current  information  in  the 
fastest  devices  and  the  rest  of  the  information  in 


INTRODUCTION 

Several  memory  technologies  with  diverse  cost- 
performance  characteristics  have  emerged  as  po- 
tential storage  media  in  digital  computers.  At 
the  high  performance  end  of  the  product  spectrum, 
core  memory,  MOS  and  bipolar  random-access- 
memory  provide  a medium  for  active  program 
storage.  Cheaper  backing  store  is  or  soon  will  be 
available  with  magnetic  disks,  charge  coupled 


Table  1 

Cost-Performance  of  Competing  Technologies  (Circa  1978) 


Technology 

Access  Time 
to  First  Bit 

Typical  Serial  Block 
Size  (Bits) 

Maximum  Serial 
Transfer  Rate 

Parallelism  of 
Data  Transfer  Path 

Cost/Bit 

(6) 

MBD 

0.5-  1 .5  ms 

256-2048 

100  - 500  kHz 

4-  8 

0.02  - 0.1 

CCD 

0.1  - 1 .0  ms 

256-1024 

1 - 10  MHz 

up  to  8 or  16 

0.02  - 0.1 

MOS  RAM 

200  ns 

1 

2 MHz 

8-64 

0.05  - 0.2 

EBAM 

30  4 s 

1024-8192 

10  MHz 

1 - 8 

0.02  - 0.1 

FHD  Slow 

17  ms 

1024  - 8192 

2-5  MHz 

1 

0.015-0.020 

Med 

8 ms 

1024  - 8192 

4-6  MHz 

1 - 2 

0.025-0.030 

Fast 

4 ms 

1024  - 8192 

4-24  MHz 

1 - 4 

0.100 

the  slower  and  less  expensive  devices.  The  indi- 
vidual cost  and  performance  characteristics  and  the 
user  environment  (program  behavior)  will  affect  the 
optimal  memory  system  design.  This  paper  presents 
an  overview  of  the  cost-performance  characteristics 
of  some  of  the  technologies  and  identifies  the  com- 
puting environment  best  suited  to  them.  Moving 
head  didcs  (MHO)  are  generally  too  slow  for  active 
program  auxiliary  storage.  They  are  a secondary 
memory  to  store  inactive  program  segments  or  files. 
Fixed  head  didrs  or  head  per  track  drums  have  been 
used  as  fast  auxiliary  memory  between  primary  and 
secondary  memory. 

COMPETING  TECHNOLOGIES 

The  different  technologies  can  be  functionally 
classi^xf  Into  Random  Access  and  Block  Access 
Memories.  In  RAM's,  each  bit  of  storage  is  indi- 


vidually accessible;  in  BAM's,  the  smallest  acces- 
sible unit  is  a serial  stream  of  bits.  Table  1 sum- 
marizes the  typical  cost-performance  characteris- 
tics of  memory  systems  using  various  technologies 
[ cf.  1]  . Some  of  the  non-quantitative  features 
of  these  technologies  are  discussed  below.  The 
traditional  BAM  market  is  served  by  magnetic  disks 
while  core  memories  ore  most  commonly  used  as 
RAM's. 

Magnetic  Bubble  Memories 
Magnetic  Bubbles*  provide  non-volatile  block 
access  storage,  competing  directly  with  fixed-head 
disks.  If  the  projected  cost  estimates  are  met, 
MBD's  should  virtually  capture  all  the  market  for 
small  capacity  (<  10M  bits),  low  access  time  FHD's. 
They  also  pose  a serious  threat  to  the  medium  per- 

*This  paper  is  concerned  only  with  large  brdsbles 
(5  n in  diameter) . 
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formance  FHD's  because  they  offer  greatly  im- 
proved performance  at  comparable  prices.  The 
market  for  large  FHD's  (>  100M  bits)  with  relative- 
ly slow  access  times  will  not  be  significantly  af- 
fected as  they  have  a price  advantage  of  a factor 
of  two  or  three  over  MBD's.  An  important  feature 
of  MBD's  is  their  modular  expansibility.  Users  will 
be  able  to  upgrade  relatively  easily  the  capacity  of 
their  storage  to  meet  increasing  requirements.  Their 
non-volatility  gives  them  an  edge  over  CCD's. 
However,  in  fast  auxiliary  memory  applications, 
volatility  could  be  tolerated  due  to  the  existence 
of  backup  storage  in  the  form  of  a moving  head 
disk.  Note  that  a three-level  hierarchy  is  not 
necessary  for  MBD's  and  FHD's  in  small  computer 
systems.  The  stopability  and  asynchronous  oper- 
ation of  MBD's  can  be  exploited  in  future  computer 
architectures. 

Charge  Coupled  Devices 

CCD  memory  has  the  best  potential  for  very  high 
speed  operation.  Most  current  computers  are  not 
designed  to  handle  fast  peripheral  devices,  and 
novel  architectural  ideas  are  needed  to  exploit 
their  high  performance.  Future  super  computers 
(a  la  IBM  360/195,  Texas  Instruments  ASC,  and 
CDC  7600)  could  take  advantage  of  this  technology. 
The  best  application  area  is  in  small  capacity  and/ 
or  high  performance  storage.  CCD's  are  easy  to 
interface  and  can  be  made  modularly  expandable. 
Their  cost  per  bit  will  be  approximately  two  to  four 
times  less  than  the  prevailing  MOS  RAM  cost  [ 2]  . 
In  conjunction  with  a RAM  buffer,  CCD's  can  be 
used  to  provide  cost-effective  fast  auxiliary  mem- 
ory in  computers  where  a large  low-cost  virtual 


address  space  is  desired  at  an  accompanying  small 
degradation  in  overall  computer  speed.  The  per- 
vasiveness of  this  market  will  depend  strongly  on 
the  price  ratio  of  CCD's  to  RAM's.  CCD's  con 
also  be  used  very  effectively  as  an  intermediate 
level  storage  between  fast  RAM's  and  slow,  inex- 
pensive moving-head  disks. 

Fixed-Head  Disks 

Fixed  head  disks  can  be  broadly  classified  into 
three  categories:  low  capacity/high  performance, 
high  capacity/low  performance,  and  medium.  The 
high  performance  disks  usually  provide  multiple 
heads  per  track  to  reduce  the  access  time.  Increase 
in  transfer  rate  can  be  achieved  by  using  more 
than  one  read/write  head  in  parallel.  The  average 
FHD  has  only  one  head  per  track  and  accesses  a 
single  track  at  any  given  time  by  electronically 
selecting  a read/write  head.  The  price  increase 
associated  with  multiple  heads  per  track  and  paral- 
lel transfer  is  significant  and  restricts  the  capacity 
to  less  than  20  megabits.  Advances  in  integrated 
head  assemblies  could  drive  the  cost  of  FHD's 
down.  These  disks  should  eventually  be  displaced 
by  a less  expensive  technology  like  magnetic  bub- 
bles or  high  density  MOS  RAM's.  The  high  capa- 
city, low  performance  FHD's  will  be  replaced  by 
MBD's  in  applications  where  higher  performance  at 
a comparable  cost  is  needed.  The  modularity  of 
MBD's  will  also  affect  the  market.  If  the  projec- 
ted 20  millicent  price/bit  is  achieved  for  MBD's, 
the  medium  FHD  market  will  be  seriously  threat- 
ened. CCD's  offer  competition  at  the 
high  performance  end  if  volatility  can  be 
tolerated. 
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Electron  Beam  Addressable  Memories 
Electron  Beam  Addressable  Memories  (EBAM)  are  a 
potential  candidate  for  high  capacity  fast  auxiliary 
memory.  The  storage  medium  is  capable  of  retain- 
ing data  for  over  a month  in  the  absence  of  power. 
In  order  to  achieve  a low  cost/bit  storage  capacity 
has  to  be  in  the  vicinity  of  100  million  bits.  This 
would  restrict  the  applicability  of  this  technology, 
to  applications  requiring  large  capacity,  low 
access  time  and  high  data  rates. 

Random  Access  Memories 

Core  is  being  slowly  replaced  by  semiconductor 
random  access  memory.  Though  MO S has  little 
speed  advantage  over  core,  declining  costs  of  LSI 
memories  will  make  MOS  RAM  prices  comparable 
to  core  prices.  For  this  reason  core  memories  will 
not  be  considered  in  this  paper.  The  single  tran- 
sistor per  cell  MOS  RAM  has  the  best  potential  for 
high  density  random  access  main  memory.  Declin- 
ing RAM  costs  will  affect  the  moiket  for  the  serial 
access  memories.  As  RAM  costs  go  down  computer 
designers  will  tend  to  put  more  RAM  in  their  sys- 
tems, thereby  reducing  the  need  for  fast,  expen- 
sive serial  access  memories.  The  total  system  cost- 
performance  may  well  be  better  served  by  an  inex- 
pensive medium  performance  secondary  storage. 

SYSTEM  PERFORMANCE 

This  section  describes  a methodology  for  evaluat- 
ing the  effect  of  various  memory  hierarchy  alter- 
natives on  the  overall  system  performance  measured 
in  terms  of  the  instruction  execution  rate.  A sim- 
ple model  of  a multiprogrammed  computer  system 


with  a two-level  hierarchy  will  be  presented. 
Multiprogramming  refers  to  allowing  the  central 
processor  (CPU)  to  switch  from  task  to  tadc  in  order 
to  achieve  good  utilization  of  all  resources.  Typ- 
ically, a given  task  is  allowed  to  execute  until  it 
requires  information  from  the  backup  storage  or 
any  I/O  peripheral.  While  information  is  being 
transferred  from  secondary  storage  to  primary  mem- 
ory, the  CPU  performs  a tod<  switch  and  starts  ex- 
ecution of  another  task  which  references  only  the 
primary  memory.  The  degree  of  multiprogramming 
is  the  number  of  jobs,  tasks  or  processes  actively 
using  the  main  memory  resources  of  the  computer 
system.  A discussion  of  the  optimal  degree  of 
multiprogramming  and  its  effect  on  system  per- 
formance is  beyond  the  scope  of  this  study. 

As  mentioned  earlier,  declining  RAM  costs  will 
tend  to  increase  the  size  of  main  memory.  How- 
ever, due  to  program  locality  [ cf.  3]  only  a 
portion  of  main  memory  is  actively  used.  The 
availability  of  low  cost  poying  devices  may  offer 
a cost-effective  alternative  to  the  system  designer. 
A smaller  main  memory  can  be  used  in  conjunction 
with  a paging  store  or  fast  auxiliary  memory  (FAM) 
to  achieve  the  some  performance  os  the  case  in 
which  the  entire  program  resides  in  main  memory. 
Criteria  for  cost-effectiveness  are  explored  in 
this  section. 

Consider  a multiprogrammed  computer  system  C. 

In  this  system  the  entire  program  is  loaded  into 
main  memory  from  a peripheral  device  like  moving- 
head  disk  or  tape  unit.  A program  is  executed 
until  interrupted  by  the  occurrence  of  an  I/O 
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I/O  QUEUE 


Figure  J : Queueing  model  of  a multi- 

programmed  computer  system 


request  to  a peripheral  device  or  program  termi- 
nation. Figure  1 shows  a queueing  model  of  such 
a system.  This  analysis  assumes  the  service  times 
of  the  CPU  and  I/O  servers  to  be  distributed  ex- 
ponentially with  mean  l/\  and  l//j  respectively.* 
The  CPU  utilization,  U^  , is  given  by 


U 

c 


t-p 

: m+t 

i -p 


[ cf.  4]  , 


where  p = — , and  M is  the  degree  of  multi- 
programming. M is  assumed  to  be  equal  to  8 for 
this  analysis.  The  average  execution  interval  is 
given  by 


where  t is  the  average  time  interval  between  suc- 
cessive memory  accesses,  and,  I is  the  number  of 
memory  references  between  I/O  requests. 


•This  assumption  is  widely  used  in  the  analysis  of 
the  performance  of  computer  systems.  It  simplifies 
the  mathematics  involved  while  providing  useful 
insight  into  the  dynamics  of  the  queueing  phenom- 
ena. 
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Figure  2 : Queueing  model  of  a paged 
multiprogrammed  computer 


An  alternate  system  design,  C'  , that  uses  paging, 
can  be  modeled  by  the  queueing  network  is  shown 
in  Figure  2.  The  cost  per  bit  of  main  memory  is 
R (>  1 ) times  the  cost  per  bit  of  the  paging  store 
or  fast  auxiliary  memory.  In  this  system  execu- 
tion is  terminated  by  an  additional  event  called 
page  fault.  The  main  memory  in  this  system  is 
smaller  than  the  program  size.  Only  a fraction, 
f , of  the  program  resides  in  main  memory.  A page 
fault  occurs  when  the  program  references  a page 
not  currently  in  the  resident  set.  Page  faults  are 
characterized  by  the  probability  of  their  occur- 
rence— sometimes  also  referred  to  as  miss  ratio, 
a . The  average  number  of  memory  references 
between  page  faults  is  (1  -a)/a  . The  rate,  6 , 
at  which  the  CPU  accesses  the  paging  store  is 
given  by 

J_ 
t * 
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Thus,  in  Figure  2, 


cost  ratio  of  the  main  memory  to  paging  store  is 


x'  = X +«  , 


R*  = 


1 


= Probability  {Execution  terminated  due 
to  page  fault}  = &/\'  , 

P^  = Probability  { Execution  terminated  for 
other  I/O  } = x/x  ' 

The  service  rate,  V , of  the  paging  device  is 
equal  to  1/T  , where  T is  the  sum  of  the  latency 
and  transfer  times.  General  expressions  for  the 
equilibrium  distribution  of  jobs  in  such  networks 
have  been  obtained  by  Gordon  and  Newell  [ 5]  . 
The  use  of  these  expressions  g.  the  utilization, 

U ' , of  system  C ‘ as 

M ... 

£<*'-/') 

M+l  . . 

£(*'-/) 

i=i 

= _1  and  y = — . 

\l  ' 7 V 

Note  that  when  a page  fault  occurs  it  may  be  nec- 
essary to  restore  a currently  resident  page  into  the 
paging  device  before  a new  page  is  brought  into 
main  memory.  In  this  analysis,  such  a page  fault 
will  be  considered  equivalent  to  two  page  faults. 
Also,  by  definition,  when  a approaches  zero  the 
page  fault  rate  6 goes  to  zero. 

Let  a*  be  the  miss  ratio  for  which  U'  is  within 
5%  of  Uc  . Let  the  corresponding  fractional  size 
of  the  resident  set  be  f*  (<1 ).  Then,  the  system 
C'  has  the  same  cost  as  system  C,  if  the  per  bit 


Note  that  this  simplified  analysis  does  not  include 
the  cost  of  implementing  a memory  management 
'cheme  for  the  paging  activity.  Thus,  the  cost 
advantage  has  to  be  greater  than  that  mentioned 
above  in  order  to  justify  the  added  complexity. 
The  value  of  R*  can  be  calculated  from  known 
miss  ratio  characteristics  of  program  environments. 

The  value  of  a*  is  a function  of  , the  utiliza- 
tion of  the  unpaged  system,  and  the  product  Y • ty  , 
denoted  by  a . Figure  3 is  a plot  of  U*  ogainst 
a for  c = 0.001  and  Uc  varying  from  0.5  to  0.9  . 
Similar  curves  can  be  plotted  for  other  values  of 
a . Based  on  these  curves  an  approximate  rule  of 
thumb  can  be  stated  that  the  critical  miss  ratio, 
a*  , is  almost  equal  to  the  value  of  o for  less 
than  10%  degradation  in  performance.  The  cor- 
responding value  of  f*  is  a function  of  program 
behavior. 


U' 

c 


where  x 
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Table  2. 

Critical  Miss  Ratio 


Critical  Miss  Ratio  a* 
a = .005  I o = .002  I a = .001 


.0013 

.0015 

.0020 

0.0023 

0.0030 


.00 
0.0012 
0.0015 


CCD  memories  are  expected  to  be  between  a factor 
of  two  to  four  times  less  expensive  than  equivalent 
MOS  RAM's  [ 2]  . Let  us  assume  that  the  memory 
management  scheme  is  implemented  in  hardware  at 
a cost  of  10%  of  the  original  memory  cost.  If  R is 
equal  to  2 then  cost-effectiveness  is  achieved  for 
environments  where  f*  < 0.65  . Table  2 shows  the 
value  of  a*  that  must  be  achieved  at  the  above 
mentioned  value  of  f*  . 


Program  Size  = 256K  bytes  - 
Page  Size  = 1 K byte 


<5  ■ 

8 

2 - .01 


1 2 4 8 16  32  64  128 

Size  of  Resident  Buffer  (K  bytes) 

Figure  4.  Mattson's  Miss  Ratio  Characteristic 


Table  3. 

Minimum  Cost  Ratio  for  Cost-Effectiveness 


1.29 

1.92 

5.18 

1.23 

1.69 

3.51 

1.21 

1.47 

2.5 

1.19 

1.38 

2.02 

1.18 

1.29 

1.69 

For  a given  program  environment  this  analysis  can 
be  used  to  predict  the  minimum  cost  ratio  R*  re- 
quired for  cost  effectiveness.  Figure  4 shows  the 
miss  ratio  characteristics  of  Mattson  [ 6 ] . Table  3 
shows  the  minimum  value  of  R for  various  system 
configurations.  Once  again,  a 10%  cost  is  attrib- 
uted to  memory  mopping;  i.e.,  R*  = 1/(0. 9- f*). 
Since  the  critical  cost  ratio  ranges  from  1.2  to 
5.0  , CCD's  are  likely  to  be  attractive  paging 
devices  if  the  projected  cost  ratios  of  two  to- four 
are  achieved  for  a > 0.002  . For  typical  values 


of  ty  equal  to  0.5  and  1 microsecond,  this  corres- 


ponds to  a block  read  time  of  250  to  500  micro- 
seconds. For  CCD  register  lengths  of  1 K bit  this 
can  be  achieved  with  data  rates  near  5 MHz. 


Further  performance  improvements  can  be  obtained 
by  maintaining  some  of  the  frequently  used  files 
such  as  system  tables  and  directories,  compilers, 
and  utility  programs  in  a fast  access  device  such  a 
as  CCD's.  This  reduces  the  request  frequency  to 
the  file  system  which  is  usually  a moving-head  disk 
with  access  times  ranging  from  30  to  100  millisec- 
onds. Thus,  the  CCD  now  acts  as  a buffer  between 
the  CPU  and  the  file  system.  Table  4 shows  the 


Table  4 

Performance  Improvement  due  to  Buffering 
of  Systems  Software 


q 

CPU  Utilization 

uc 

0.0 

0.9 

0.8  0.7 

0.62 

0.5 

0.1 

0.9296 

.8516  .7641 

.6825 

.5533 

0.2 

.9610 

.9058  .8321 

.7544 

.6194 

0.3 

.9817 

.9795  .8971 

.8319 

.6995 

0.4 

.9930 

.9782  .9492 

.9053 

.7925 

0.5 

.9979 

.9929  . 9814 

.9602 

.8875 

q = Probability  of  finding  system  software 
in  CCD  buffer 


improvement  in  utilization  due  to  the  CCD  buffer 
when  the  buffer  satisfies  a fraction  q of  all  re- 
quests to  the  file  system.  This  improvement  is  in- 
sensitive to  the  access  time  of  the  buffer  provided 
it  is  at  least  a factor  of  10  better. 

The  two  approaches  outlined  in  this  section  can  be 
combined  to  increase  the  effective  size  of  the  main 
memory.  Any  performance  degradation  due  to  pag- 
ing can  be  compensated  by  the  improvement  due  to 
permanent  residence  of  certain  systems  software  on 
the  fast  paging  device. 

CONCLUDING  REMARKS 

The  analysis  presented  in  this  paper  makes  many 
simplifying  assumptions  in  order  to  derive  some 
general  results.  There  are  many  page  allocation 
strategies  for  multiprogramming  systems  with  virtual 
memory  [ 7 ] . These  strategies  are  used  effective- 
ly to  obtoin  the  most  efficient  use  of  system  re- 
sources [ 8 ] . Some  of  the  issues  involved  are 
optimal  page  size,  optimal  degree  of  multipro- 


gramming, time  slicing,  dynamic  memory  alloca- 
tion, page  replacement  strategies,  and  scheduling. 
These  problems  can  be  analyzed  for  more  specific 
system  architectures. 

A cost  ratio  of  two  to  four  for  block  read  times  of 
200  to  500  microseconds  is  likely  to  result  in  low- 
er memory  system  cost  using  a fast  auxiliary  mem- 
ory. The  amount  saved  depends  on  the  size  of  the 
memory.  The  ultimate  attractiveness  of  that  cost 
saving  depends  on  its  magnitude  relative  to  the 
overall  system  cost. 
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ABSTRACT  The  recording  of  analog  transient  data  In  a digital  form  at  high  bandwidth  pre- 
sents technical  challenges  In  many  areas.  A variety  of  techniques  lend  themselves  to  the 
task  at  hand.  Each  technique  presents  unique  challenges  derived  from  overall  system  per- 
formance requirements.  One  particularly  attractive  technique  Involves  the  use  of  an  Analog 
Shift  Register  (ASR)  for  time  conversion  In  order  to  minimize  high-speed  components. 

After  appropriate  filtering,  transient  data  Is  sampled  and  sorted  in  the  ASR  at  a high 
rate  as  analog  samples.  After  the  transient,  data  Is  shifted  from  the  ASR  at  slow  rate 
through  an  analog  to  digital  converter  to  a digital  memory  for  temporary  storage.  Upon  re- 
mote conmand,  the  data  Is  then  read  nondestructively  and  transmitted  at  a convenient  rate 
to  a remote  location  for  permanent  storage  and  analysis.  The  transient  data  recorder  be- 
ing developed  will  sample  and  store  1,000  six-bit  words  of  100  MHz  data  with  a sampling 
aperture  of  +50  picoseconds.  Since  data  Is  slowed  after  acquisition  In  the  ASR,  the  re- 
mainder of  tne  recorder  Is  comprised  of  standard  TTL  Integrated  circuit  logic. 

The  ASR  consists  of  eight  Interleaved  CCD's.  Each  CCD  Is  capable  of  storing  128  data 
samples  acquired  at  Input  rates  ranging  from  312.5  Ksamples/sec  to  62.5  Msamples/sec. 
Operating  eight  CCD's  In  an  Interleaved  fashion  provides  storage  for  1024  samples  of  analog 
data  acquired  at  combined  rates  of  2.5  Msamples/sec  to  500  M samples/sec.  The  necessary  CCD 
was  not  available  Initially  but  was  developed  under  subcontract  to  GARD,  INC.  by  Rockwell 
International,  Electronics  Research  Division.  Two  other  papers  presented  at  this  confer- 
ence provide  details  on  the  CCD  Itself5  and  the  circuitry  required  to  operate  It  In  the 
manner  required6.  After  acquisition,  CCD  operation  Is  slowed  to  a convenient  output  rate  of 
less  than  100  Ksamples/sec  per  CCD  or  800  Ksamples/sec  per  ASR. 


INTRODUCTION 

The  purpose  of  a data  acquisition  sys- 
tem Is  generally  to  provide  Information  about 
a system  to  the  user.  The  nature  of  the  In- 
formation required  varies  widely.  Simple 
yes/no  or  go/no-go  data  Is  often  appropri- 
ate for  operational  control.  Elaborate 
tables  and  graphics  resulting  from  so- 
phisticated data  processing  procedures  are 
sometimes  required  for  scientific  research. 
While  the  data  requirements  for  operational 
control  and  scientific  research  may  vary  by 
orders  of  magnitude,  there  Is  an  Important 
element  common  to  both.  The  user  In  both 


cases  wants  to  see  only  relevant  data. 

The  control  operator  may  need  to  know 
how  many  times  a process  exceeds  its 
threshold  temperature  as  well  as  when  each 
Instance  occurred.  A simple  printout 
stating  the  number  of  occurrences  followed 
by  a list  of  the  time  of  day  when  each  In- 
stance occurred  Is  appropriate.  The  op- 
erator has  little  use  for  a tabulation  of 
temperature  data  listing  entries  every 
minute.  Further,  he  cannot  afford  the 
time  required  to  delve  through  copious 
data  separating  meaningful  results  from 
meaningless  records.  Clearly,  the 
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required  sorting  of  records  Is  better  accom- 
plished by  the  data  acquisition  system  oper- 
ating In  accordance  with  some  rules  set  down 
by  the  operator. 

The  scientific  researcher  Is  often 
faced  with  a similar  situation.  The  pheno- 
mena under  study  may  be  characterized  by 
short  bursts  of  relevant  data  separated  by 
relatively  unimportant  background  phenomena. 
While  the  background  phenomena  are  essential 
In  establishing  "steady-state  conditions"  or 
"base-line"  data  Immediately  before  and 
after  the  event  of  Interest,  their  contin- 
uous presentation  to  the  user  serves  no  use- 
ful purpose.  Once  again,  some  sorting  of 
relevant  and  Irrelevant  data  Is  required  of 
the  data  acquisition  system. 

In  general,  when  the  Information  rate 
or  meaningful,  relevant  data  rate  Is  sig- 
nificantly non-constant,  the  data  acquisi- 
tion system  Is  required  to  continuously 
monitor  the  phenomena  and  extract  the  rele- 
vant data  for  the  user.  Depending  on  the 
application,  continuous  data  may  or  may  not 
be  filed  historically  by  the  system.  Ini- 
tially, most  users  request  complete  histor- 
ical records  as  back-up  or  reference  for 
the  extracted  data.  This  procedure  can  re- 
sult In  copious  data  If  the  phenomenon  of 
Interest  requires  wlde-band  recording  tech- 
niques. For  example,  consider  the  pulse 
data  presented  In  Figure  1,  which  Is  typical 
of  numerous  phenomena.  The  pulse  spans 
roughly  500  ws.  The  user  has  chosen  to 
sample  this  waveform  at  50  Ksamples/second 
or  at  20  us  Intervals,  producing  samples  of 
each  point  Indicated.  The  pulse  Is  repre- 
sented with  approximately  26  samples.  In 
addition  to  the  pulse  Itself,  the  user  has 
requested  approximately  half  a pulse  width 
of  baseline  before  and  after  the  pulse, 
raising  the  total  data  required  to  approx- 
imately 50  points,  or  1 ms  (1000  us)  of  re- 
cording. Now  consider  how  much  data  must 
be  recorded  to  obtain  the  50  samples  re- 
quired If  real  time  processing  Is  not  em- 
ployed. Assume  this  data  represents  a shock 
wave  generated  by  an  explosive  detonation 
occurring  1000  feet  from  the  point  of  mea- 
surement. Assume  the  detonation  Is  used  as 
the  time  reference  for  the  experiment.  The 
shock  wave  will  travel  at  the  speed  of  sound 
traversing  the  1000  feet  In  roughly  one 
second.  Barring  all  other  considerations, 
then,  at  least  one  second  of  data  must  be 


recorded  to  acquire  the  pulse  and  Its  time 
reference.  Given  some  uncertainty  In  the 
speed  of  sound  (which  Is  a function  of  air 
temperature,  humidity,  and  barometric  pres- 
sure), perhaps  two  seconds  of  good  recording 
time  will  be  used.  Note  that  In  the  record- 
ing period  only  1 ms  (50  samples)  of  data 
plus  the  Instance  of  occurrence  is  truly 
relevant.  That  Is,  50  out  of  100,000  samples 
recorded  are  relevant,  or  99.95%  of  the  data 
Is  Irrelevant.  To  this  point  other  factors 
which  extend  the  recording  period  have  not 
been  addressed.  For  example.  If  the  record- 
er requires  some  sort  of  speed  stabiliza- 
tion, It  may  begin  as  much  as  one  minute  be- 
fore detonation.  If  some  other  data  occurs 
five  seconds  after  detonation,  then  the  to- 
tal period  extends  another  four  seconds. 

If,  on  the  other  hand,  the  data  occurrence 
is  largely  unpredictable,  then  the  record- 
ing must  span  a large  enough  period  to  re- 
cord the  data  whenever  It  occurs.  It  takes 
little  Imagination  to  envision  the  percen- 
tage of  Irrelevant  data  growing  from  99.95% 
to  99.995%,  or  even  greater.  Still,  In 
this  example,  the  data  is  recordable  with 
conventional  techniques.  General  purpose 
equipment  can  record  an/or  sort  out  the 
relevant  data  either  in  real  time  or  from 
the  tapes  after  the  event. 

Generlcally,  data  acquisition  systems 
which  sample  and  record  the  kind  of  data 
discussed  are  called  transient  data  record- 
ers. Transients  have  been  traditionally 
defined  as  "fast"  events  occurring  randomly 
In  time.  From  the  examples  presented,  it  is 
appropriate  to  regard  transient  data  as 
data  characterized  by  short  periods  of 
highly  concentrated  Information  spaced  by 
long  periods  of  low  Information  density. 

The  function  of  a transient  data  recorder 
Is  to  detect  and  record  information  concen- 
trated In  short  periods  together  with  suffi- 
cient base-line  and  time  data  to  provide  a 
reference  for  the  user.  Transient  record- 
ers are  usually  characterized  by  data  iden- 
tification via  real  time  data  processing 
and  electronic  memory  sufficient  only  for 
the  transient  Itself  and  data  denoting  Its 
tlme-of-occurrence.  Note  that  a transient 
recorder  Is  not  necessarily  a wlde-band 
device. 

SYSTEM  REQUIREMENTS 

Now  let  us  consider  the  data  typical 
for  the  system  under  consideration.  The 
data  Is  generally  of  the  same  shape  as  the 


pulse  already  discussed  (see  Figure  1). 
However,  It  Is  more  than  10,000  times  fas- 
ter. The  data  contains  significant  frequency 
components  from  OC  to  100  MHz.  Sampling  Is 
required  at  500  Msamples/second,  or  at  2 ns 
Intervals.  The  trailing  edge  of  the  waveform 
Is  often  more  than  ten  times  longer  and  can 
contain  additional  wide  band  data  requiring 
500  to  1000  samples.  Since  the  user  requires 
a system  accuracy  of  +2%,  ±1/2  LSB,  the  data 
must  be  resolved  to  64-levels  and  encoded 
to  six-bits.  Whereas  the  previous  data  was 
manageable  with  conventional  recording  equip- 
ment, the  required  sampling  rate  and  subse- 
quent data  rate  are  so  high  that  unconven 
tlonal  techniques  are  required.  In  addi- 
tion to  these  functional  requirements,  the 
recorder  must  remotely  operate  In  a severe 
environment  characterized  by  temperatures 
varying  from  +10°F  to  + 130°F,  shock  up  to 
30g's  (1/2  slnewave,  11  ms),  and  pressures 
from  sea  level  to  10,000  feet.  It  must  op- 
erate through  a combined  radiation  environ- 
ment of  10  Rad  prompt  dose  acquired  at  107 
Rads/sec  plus  107  neutron/cm2,  fission 
spectrum.  EMP  Is  considered  best  described 
as  up  to  2 amperes  of  sheet  current  con- 
taining significant  frequency  components  up 
to  100  MHz  flowing  over  the  module.  The 
recorder  must  be  small  (approximately  400 
In3)  and  low  In  power  dissipation  (less 
than  40  watts).  Since  the  module  may  be 
expended  In  one  out  of  four  uses.  It  must 
be  low  In  cost.  Sampling  rate,  signal  off- 
set, and  pre-history  (or  time-offset)  are 
all  remotely  programmable.  More  details 
on  the  specification  are  presented  In 
Table  1. 

APPROACHES 

The  classical  approach  to  transient 
data  recording  centers  about  an  analog- 
to-dlgltal  converter  linked  to  digital  mem- 
ory as  shown  In  Figure  2.  Data  Is  first 
filtered  to  eliminate  aliasing,  and  then 
accurately  sampled  and  held  In  analog  form 
for  conversion  to  digital.  The  linear 
phase  filter  Is  not  an  off-the-shelf  Item, 
but  can  be  fabricated  from  standard  com- 
ponents to  conform  to  the  size  and  power 
constraints.  The  sample  and  hold  must 
maintain  an  aperture  or  time  uncertainty 
of  sampling  of  50  ps  (In  order  to  maintain 
six-bit  accuracy  for  100  MHz)  while  oper- 
ating at  500  Msamples/second.  The  requi- 
site sample/hold  approaches  the  state-of- 
the-art  but  1$  not  large  and  does  not  re- 
quire excessive  power. 


The  500  Msampl e/second,  six-bit  analog- 
to-dlgltal  converter  Is  currently  beyond 
the  known  state-of-the-art.  The  general 
approach  taken  to  converters  approaching 
this  speed  and  resolution  Is  to  simultan- 
eously apply  the  signal  to  parallel  fast- 
setting analog  comparators  as  shown  In  sim- 
plified form  In  Figure  3.  Each  comparator 
Is  biased  at  one  of  the  63  resol veable 
levels.  The  signal  Is  held  until  all  cir- 
cuitry Is  settled  and  the  coded  output  Is 
stored.  Additional  speed  Is  obtained  using 
additional  Interleaved  rows  of  comparators. 

A recent  developmental  six-bit  converter 
using  two  parallel  rows  of  converters  was 
operated  at  200  Msample/sec1.  The  converter 
with  Sample/Hold  requires  175  watts  and  Is 
housed  In  a rack  mountable  enclosure  judged 
to  occupy  more  than  3000  In3.  While  Its 
production  cost  Is  not  known,  the  circuitry 
makes  extensive  use  of  both  custom  and 
standard  ECL  logic  which  does  not  suggest 
low  cost. 

Clearly  this  converter  Is  too  slow 
(200  Msample/sec  vs.  500  Msample/sec),  too 
large  (3000  In3  for  converter  plus  sample/ 
hold  vs.  400  In3  for  the  total  system), 
dissipates  too  much  power  (175  watts  vs. 

40  watts  for  system),  and  Is  not  likely  to 
be  low  cost. 

Following  the  converter  is  storage  for 
1000  words  of  six-bit  data,  which  must  be 
loaded  at  500  Msamples/sec.  From  manufac- 
turers data  sheets  it  appears  that  an  array 
of  48  ECL  memory  chips2  will  meet  require- 
ments. However,  each  chip  requires  90  ma, 
typical,  @ -5.2V  with  inputs  and  outputs 
open.  This  amounts  to  0.468  watts  per  chip 
or  more  than  22  watts  for  the  48  chip  array. 
Note  that  this  power  does  not  Include  the 
addressing  or  control  functions. 

It  Is  clear  that  the  classical  high 
speed  transient  data  recorder  falls  far 
short  of  the  design  goals.  The  overwhelming 
weak  point  Is  the  analog  to  digital  conver- 
ter. Therefore,  a method  which  circumvents 
the  high  speed,  parallel  analog  to  digital 
converter  must  be  used. 

One  unconventional  form  of  analog  to 
digital  converter  Is  the  scan  converter. 

The  scan  converter  can  be  thought  of  as 
similar  to  a sophisticated  oscilloscope. 
Wideband  data  (up  to  1 GHZ)  Is  written  In 
x,  t form  onto  a special  target  which  re- 
tains the  trace.  The  target  Is  then  scanned 
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at  slow  speed  In  such  a manner  that  for  each 
Increment  of  time,  the  value  of  the  Input 
(X)  Is  encoded.  Conmerclally  available 
equipment3  offers  Input  bandwidth  to  500  MHz 
at  low  levels  (1  GHz  at  high  levels),  with 
resolution  at  400  by  320  lines  converted  to 
a 512  by  512  digital  array.  The  conversion 
results  In  512  samples  resolved  to  nine  bits 
which  are  stored  In  digital  memory.  The 
basic  unit  dissipates  243  watts  and  occupies 
approximately  2500  In3.  From  the  manufac- 
turers literature,  there  Is  no  Indication 
that  the  unit  Is  hardened  for  shock  or  ra- 
diation. However,  It  will  operate  over  a 
temperature  range  of  0°C  to  +40°C  and  up  to 
an  altltlde  of  15,000  feet.  Although  not 
usually  sold  as  a stripped  channel  the 
quoted  price  Is  roughly  $25,000  In  singles. 
Clearly  the  scan  converter  Is  much  more 
suitable  for  the  application  at  hand.  Still 
It  Is  approximately  six  times  larger  than 
required  and  dissipates  more  than  six  times 
the  power  allocated.  While  Its  cost  Is 
quite  reasonable  for  the  performance 
offered.  It  Is  still  more  expensive  than 
desired.  Table  II  compares  both  the  scan 
converter  and  a transient  data  recorder  u- 
tl 11  zing  the  parallel  converter  previously 
discussed.  Certainly  there  Is  other  equip- 
ment which  could  be  discussed.  The  two 
transient  data  recorders  chosen  are  consid- 
ered to  be  representative. 

In  general.  Table  II  suggests  that  even 
the  unconventional  techniques  available  to- 
day are  too  large,  consume  too  much  power, 
and  In  general  fall  short  of  the  conversion 
and/or  storage  requirements.  In  both  cases 
considered,  most  of  the  power  and  volume  Is 
associated  with  the  converter  section  as 
well  as  the  conversion  performance. 

The  principle  reason  that  power  Is 
high,  volume  large,  and  performance  stretch- 
ed to  the  limit  Is  that  data  Is  being  con- 
verted at  extremely  high  rates.  An  approach 
which  minimizes  high  rate  data  handling  may 
be  expected  to  minimize  size  and  power. 

THE  SELECTED  APPROACH 

With  the  goal  In  mind  of  minimizing 
size  and  power,  let  us  review  Figure  2. 

The  filter  Is  passive  and  dissipates  little 
power.  The  sample/hold  circuitry  Is  gener- 
ally low  power  and  small.  The  next  step 


(conversion)  Is  the  problem.  The  link  be- 
tween sample/hold  and  conversion  Is  an  ob- 
vious place  for  Improvement.  Data  travers- 
ing this  link  Is  In  sampled  analog  form  as 
shown  In  Figure  4.  It  resembles  an  Ir- 
regular staircase  comprised  of  uniform 
width  samples.  If  a device  could  be  found 
that  would  accept  data  In  this  form,  store 
It  briefly,  then  play  It  back  at  a suffi- 
ciently slow  rate,  the  remainder  of  the 
circuitry  could  be  dramatically  simplified. 

Generally,  this  device  Is  referred  to 
as  an  analoa  shift  register  operated  In 
fast  (1nput)/slow  (output)  mode.  It  Is  lo- 
cated between  the  sample/hold  and  the  con- 
verter as  shown  In  Figure  5.  It  must  be 
able  to  accept  sampled,  analog  data  at 
varying  rates  up  to  500  Msamples/sec,  store 
at  least  1000  samples  and  then  output  the 
data  at  a rate  <.  1 Msample/sec  with  less 
than  1%  total  distortion. 

ANALOG  SHIFT  REGISTER  ALTERNATIVES 

Two  candidate  analog  shift  registers 
were  considered:  the  bucket  brigade  de- 
vice (BBD)  and  the  charge  coupled  device 
(CCD). 

At  the  time  of  the  selection,  a 10-cell 
BBO  with  JFET  switching  between  capacitor 
cells  was  being  operated  at  50  Msamples/sec, 
with  a cell  transfer  efficiency  of  97%.  A 
160  cell  device  was  planned.  If  the  160- 
cell  BBD  was  operated  In  the  same  manner 
as  the  10-cell  BBD,  ten  parallel  channels 
would  yield  1600  sample  storage  loadable  at 
500  Msamples/sec.  If  the  cell  to  cell  trans- 
fer efficiency  remained  at  97%,  then  the 
160-cell  transfer  efficiency  would  be 
0.97160  or  0.0076.  Then  less  than  i%  of  the 
Input  signal  would  reach  the  output.  This 
situation  would  put  extreme  demands  on  dy- 
namic range  and  require  Involved  data  re- 
duction procedures. 

Another  device  considered  was  the  per- 
istaltic charge  coupled  device  (PCCD)4.  A 
128-cell  device  had  been  operated  at  100  MHz 
with  transfer  efficiency  exceeding  0.9999. 
Eight  PCCD's  In  parallel  would  provide  stor- 
age for  1024  samples  loadable  at  ranges  up 
to  800  Msamples/sec.  Transfer  efficiency 
for  128  cells  would  be  0.9999128  or  .987 
nearly  full  signal. 


For  these  and  other  performance  con- 
siderations, the  PCCD  was  chosen  over  the 
BBD  to  Implement  the  scheme  shown  In  Figure 
5.  Since  the  PCCD  was  not  conmerclally 
available  and  the  developer  was  not  Inter- 
ested In  working  on  the  system  under  con- 
sideration, a custom  PCCD  was  developed  for 
this  system  by  Rockwell  International  under 
subcontract  to  GARD,  INC.  and  Is  the  sub- 
ject of  another  paper5. 

The  remainder  of  the  paper  relates  how 
the  PCCD  was  Integrated  with  appropriate 
support  elements  to  build  a system  comply- 
ing with  the  stated  requirements. 

SYSTEM  CONFIGURATION 

The  configuration  of  the  system  Is  shown 
In  the  block  diagram  of  Figure  6.  The  major 
areas  of  the  Transient  data  recorder  are  the 
filter,  Sample/Hold,  Analog  Shift  Register, 
Analog  to  Digital  Converter,  memory  and  the 
control  logic.  Special  attention  Is  given 
to  the  Integration  of  the  ASR  and  Its  periph- 
eral equipment,  timing  and  operation  require- 
ments, and  packaging. 

A filter  Is  Included  In  this  system, 
as  In  most  data  acquisition  systems,  to 
limit  the  bandwidth  of  the  processed  sig- 
nal to  less  than  half  the  sampling  fre- 
quency In  order  to  eliminate  frequency  fold- 
ing, and  to  reduce  unwanted  noise.  Since 
eight  sampling  frequencies  are  used  eight 
filters  are  required.  The  filters  are 
plugable  units  with  the  capability  of  having 
any  three  In  the  system  at  one  time.  Status 
register  control  determines  which  will  be 
selected.  Due  to  the  high  sampling  rates 
of  this  system,  special  filters  had  to  be 
developed. 

The  sampling  rates  required  by  this 
system  are  beyond  available  state-of-the-art 
sample/hold  and  A/D  conversion  systems.  For 
this  reason,  a sample  and  shift  method  was 
devised  that  provides  time  expansion  of  the 
sampling  which  permits  the  A/D  conversion 
to  be  done  at  a much  slower  rate.  A CCD 
analog  shift  register  Is  operated  as  fast 
Input/slow  output  temporary  storage.  The 
CCD  used  In  this  system  Is  a 128  cell,  4- 
phase  peristaltic  device.  To  satisfy  both 
the  sampling  frequency  of  500  MHz  and  stor- 
age capacity  of  the  system,  eight  sample/ 
hold/CCD  combinations  were  operated  In 


parallel.  This  provides  a 1024  word  stor- 
age capability  and  requires  that  the  CCD's 
need  operate  only  at  62.5  MHz  at  the  fastest 
sampling  rate. 

The  sample/hold  circuitry  is  a conven- 
tional voltage  sampling  design  with  a linear 
switch  and  a hold  capacitor  but  because  of 
the  frequency  of  operation,  special  design 
considerations  had  to  be  made.  The  eight 
S/H's  are  operated  In  sequence.  However, 
to  eliminate  distortion  caused  by  the  op- 
eration of  other  S/H,  only  one  S/H  gate  is 
permitted  to  start  sampling  at  any  given 
time. 

After  1024  samples  have  been  taken  and 
temporarily  stored  in  the  CCD  analog  shift 
registers,  the  CCD's  are  then  read  out  at  a 
slower  rate,  multiplexed,  and  sent  to  the 
A/D  In  the  proper  sequence.  A slow  output 
rate  of  100  KHz  Is  obtainable  with  the  CCD's 
used.  The  composite  rate  out  of  the  multi- 
plexer Is  800  KHz  requiring  an  A/D  with  a 
conversion  time  of  1.25  ysec  or  less. 

There  are  a number  of  A/D  converters  In  the 
1 usee  to  800  nsec  range  that  are  economi- 
cally priced  and  small  in  size.  The  par- 
ticular A/D  used  in  this  application  is  an 
800  nsec  conversion  time  device.  The  rel- 
atively slow  conversion  rates  of  the  A/D 
also  permits  use  of  standard  "off-the- 
shelf"  MOS,  bipolar  or  CMOS/SOS  (when  avail- 
able) memory  IC's  to  be  used  for  system 
storage. 

The  system  Is  remotely  operated  with 
all  external  comnands  stored  in  non-vola- 
tile Internal  status  registers  which  In 
turn  control  all  features  of  the  recorder. 
Including  the  sampling  rate,  which  varies 
from  500  MHz  to  2.5  MHz,  the  filter  selec- 
tion, and  the  offset.  The  operation  se- 
quence from  sampling  of  the  Incoming  sig- 
nal through  A/D  conversion  and  storing 
of  digital  Information  In  the  memory  is 
all  controlled  Internally.  The  system  can 
operate  either  In  the  normal  record  mode 
as  described  above  or  In  the  self-check 
or  function  check  mode.  The  function  check 
Is  an  Internally  generated  transient  pulse 
that  checks  the  operation  of  the  system. 

The  trigger  commands  which  start  a record- 
ing cycle  can  be  generated  externally  or 
internally.  The  trigger  commands  consist 
of  ARM,  which  enables  all  circuits,  START, 
which  begins  the  operation  of  circuits 
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that  have  some  finite  warm-up  time  but  that 
require  sufficient  power  to  warrant  limited 
use  (e.g.,  the  CCO  drivers),  and  TRIGGER, 
which  starts  the  record  cycle. 

ASR  INTEGRATION 

The  mode  of  operation  of  the  shift  reg- 
ister In  the  system  (l.e.,  fast  Input/slow 
output)  Indicates  that  the  most  difficult 
Interfacing  Is  Involved  with  the  Input  of  the 
CCO  and  the  peripheral  circuitry  that  must 
operate  at  the  fast  frequency.  As  was  In- 
tended, the  slow  output  frequency  tends  to 
make  the  Interfacing  of  the  output  an  easier 
task.  Of  special  concern  here  Is  Inter- 
facing of  the  CCD  with  the  Sample/Hold  cir- 
cuitry, the  Input  structure  and  the  phase 
drivers. 


When  the  sampling  gates  are  off,  they 
must  present  a high  Impedance  to  the  hold 
capacitor  to  prevent  the  stored  charge  from 
dissipating.  In  this  case  due  to  the  high 
frequency  of  operation  the  hold  capacitor 
must  be  small  requiring  a very  high  hold  Im- 
pedance to  prevent  any  leakage.  The  hold 
capacitance  for  the  S/H  In  this  system  Is 
the  Input  gate  capacitance  of  the  CCD.  This 
requires  special  care  In  processing  of  the 
CCD  to  Insure  that  the  Input  capacitance  Is 
of  a small  value  and  constant  from  CCD  to 
CCD  In  order  to  match  all  eight  CCD's.  It 
further  means  that  the  Input  gate  Is  ter- 
minated In  a high  Impedance  which  makes  It 
susceptable  to  system  noise.  Coupling  with- 
in the  CCD  must  be  reduced  as  low  as  possible 
to  prevent  phase  drive  signal  noise  from  be- 
ing coupled  to  the  Input. 

The  Input  of  the  CCD  Is  a critical 
point  of  this  system.  There  are  tight  speci- 
fications on  Input  linearity,  accuracy, 
thermal  stability,  and  dynamic  range.  Such 
things  as  linearity  and  accuracy  cannot 
easily  be  compensated  for  within  the  system. 
The  high  frequency  of  operation  and  the 
range  of  frequencies  Involved  put  further 
restrictions  on  the  Input.  The  use  of  8 
CCD's  requires  that  all  parameters  be  close- 
ly matched  In  performance.  The  CCD  Input 
structures  considered  for  this  application 
were  gated  charge,  gated  Impulse  method, 
and  Tompsett  type  Inputs.  The  gated  charge 
method  controls  a barrier  under  an  Input 
gate  with  the  Input  signal.  This  allows 
charge  to  flow  over  the  barrier  In  amounts 


proportional  to  the  Input  signal.  This 
method  was  discarded  because  of  Its  rel- 
atively poor  linearity  and  thermal  stabil- 
ity characteristics.  The  gated  Impulse 
method  allows  charge  to  flow  for  a specific 
length  of  time  which  Is  dependent  upon  a 
pulse  width.  This  method  was  not  used  be- 
cause of  the  difficulty  In  accurately  con- 
trolling pulse  widths  at  these  frequencies. 
The  Input  selected  was  a 3 gate  Tompsett 
type  Input.  The  primary  reasons  for  sel- 
ecting this  type  were  its  Improved  linear- 
ity and  thermal  stability  over  the  gated 
charge  method.  The  timing  diagram  for 
the  selected  Input  is  shown  InFIgure  7. 

The  Input  signal  Is  applied  to  gate  2 which 
controls  the  height  of  a barrier.  Gate  3 
Is  biased  to  a fixed  well  level.  Both 
gate  1 and  gate  3 are  heavily  bypassed  to 
provide  Isolation  for  the  high  Impedance 
of  gate  2 from  the  possible  Interference 
from  the  diffusion  and  phase  drive  signals. 
The  gate  2 barrier  provides  a wall  for  the 
fixed  well  of  gate  3 determining  the  size 
of  the  well.  The  Input  gate  area  Is 
flooded  with  charge;  the  Input  diffusion 
Is  then  shut  off  and  excess  charge  back- 
flows  out  of  the  gate  area.  This  leaves 
only  the  well  under  gate  3 full  of  charge. 
The  charge  can  then  be  transferred  to  the 
first  transfer  gate  of  the  CCD.  Since  the 
barrier  under  gate  2 must  always  be  low 
enough  to  pass  sufficient  charge,  the  dy- 
namic range  Is  reduced  *1  th  this  method. 
This  can  be  compensated  for  by  enlarging 
the  area  under  gate  3.  Care  must  be  taken 
In  the  design  of  the  input  to  insure  that 
the  sufficient  time  Is  available  for  charge 
fill  and  backflow. 

The  CCD  used  In  this  application  Is  a 
128  cell,  four  phase  peristaltic  device 
which  as  been  operated  successfully  at  80 
MHz.  The  drive  gate  capacitance  Is  approx- 
imately 25  pf  and  the  voltage  swing  on  the 
drive  gates  is  approximately  15  volts.  The 
Ideal  wave  shape  for  a drive  gate  Is  trape- 
zoidal with  some  finite  rise  and  fall  time, 
since  It  functions  as  a push  clock  (l.e., 
pushing  charge  In  front  of  It).  At  the 
fast  frequency  of  operation  of  62.5  MHz, 
the  rise  and  fall  times  are  limited  to  5 
to  8 nsec.  This  rise  time  is  held  through 
all  operating  frequencies.  Drivers  with 
these  characteristics  are  not  readily 
available,  so  they  were  fabricated  from 
discrete  components.  Of  prime  concern  was 
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frequencies. 


the  power  dissipation  of  the  drivers.  Both 
power  supply  requirements  and  thermal  ener- 
gy dissipation  became  a problem  If  the  dri- 
vers were  allowed  to  operate  for  an  extend- 
ed period.  For  this  reason,  the  START  com- 
mand was  Incorporated  Into  the  system.  The 
CCD  does  have  some  warm  up  time  required 
because  thermal  filling  will  saturate  the 
cells  when  It  Is  not  in  operation.  The 
START  command  Is  programed  to  occur  50  to 
100  nsec  prior  to  the  start  of  recording 
which  sufficiently  clears  all  charge  from 
the  CCD's  but  does  not  create  a power 
problem.  Sufficient  filter  capacitance  was 
Included  In  the  driver  to  supply  power  for 
the  limited  operation  time.  This  eliminates 
restrictions  put  on  the  system  by  power 
supply  response  times. 

The  output  of  each  CCD  Is  fed  to  an 
amplifier  with  offset  and  gain  control. 

These  controls  are  required  to  provide  ad- 
justments for  matching  of  the  eight  CCD's. 
Gain  Is  required  to  Increase  the  signal  lev- 
el to  accommodate  A/D  Input  levels.  Each 
CCD  amplifier  Is  then  fed  to  a multiplexer 
which  recombines  the  eight  parallel  paths 
back  to  one  sequential  data  path. 

TIMING  AND  OPERATION 

The  timing  for  the  CCD  phase  drivers, 
the  S/H  drivers,  the  CCD  Input  diffusion, 
the  CCD  output  reset,  and  the  CCD  output 
multiplexer  Is  all  controlled  by  a common 
eight  phase  generator.  At  the  highest  fre- 
quency, a sampling  aperture  time  of  +50  pico- 
seconds must  be  maintained  to  meet  the  sys- 
tem specifications.  This  made  It  necessary 
to  use  extreme  care  In  the  selection  of 
components  for  and  the  layout  of  the  timing 
circuitry.  Further  timing  restraints  were 
placed  on  the  system  by  the  fact  that  the 
S/H  design,  when  optimized  for  the  highest 
frequency,  would  not  operate  satisfactorily 
over  the  full  range  of  sampling  rates. 

The  solution  was  to  maintain  the  S/H  at  a 
higher  frequency  for  the  lower  operating 
frequencies  of  the  CCD's  (see  Figure  8). 

At  the  lower  sampling  rates  multiple  sam- 
ples and  multiple  Input  cycles  are  being 
performed  during  one  CCD  phase  drive  cycle 
but  only  one  Is  present  when  the  CCD  Input 
transfer  gate  Is  ready  to  accept  a sample. 
This  tightens  the  timing  constraints  of  the 
slower  sampling  rates  which  would  normally 
be  much  less  critical  than  the  upper 


The  operational  sequence  of  the  system 
Is  controlled  by  a 1024  counter  synchronized 
with  the  eight  phase  generator.  When  a START 
command  Is  received  from  external  control, 
the  appropriate  sample  rate  clock  Is  gated 
to  the  eight  phase  generator  which  provides 
drive  to  the  CCD's  and  S/H.  Upon  receipt 
of  a TRIGGER  the  1024  counter  Is  set  to 
zero  and  enabled.  The  CCD's  are  loaded  In 
sequence  until  the  1024  counter  Indicates 
that  each  has  received  128  samples.  The 
clock  frequency  Is  then  synchronously 
changed  to  a slower  read  out  frequency 
which  also  controls  the  multiplexer  (thru 
the  eight  phase  generator),  the  A/D  con- 
verter and  the  memory.  The  CCD  data  Is 
read  out  at  the  slower  rate,  multiplexed 
and  sent  to  the  A/D  In  the  proper  sequence. 

A slow  output  frequency  of  100  KHz  Is 
attainable  without  significant  thermal  well 
filling.  With  eight  CCD's  In  parallel,  the 
composite  output  frequency  from  the  multi- 
plexer Is  800  KHz.  At  this  frequency  both 
the  A/D  converter  and  memory  are  economical, 
small  In  size,  and  easy  to  control. 

PACKAGING 

The  TDR  Is  packaged  In  an  enclosed  mod- 
ule that  Is  29  In.  long  x 7 In.  high  by  1.6 
In.  wide.  The  overall  layout  Is  shown  In 
Figure  9.  The  high  frequency  of  operation, 
the  timing  constraints  and  a few  special 
Interrelationships  between  components  (such 
as  the  CCD  Input  gate  acting  as  the  hold 
capacitance  for  the  S/H)  dictated  that  all 
components  In  the  sample  and  shift  assembly 
had  to  have  as  little  distance  between  them 
as  possible.  The  solution  found  to  this 
was  a three  layer  arrangement.  The  eight 
S/H  circuits  were  arranged  symmetrically 
around  the  Incoming  data  at  the  center  of 
the  top  board.  The  timing  circuitry  and 
CCD  peripheral  circuitry  was  arranged 
symmetrically  around  the  eight  phase  gener- 
ator on  the  bottom  board.  The  eight  CCD's, 
their  bias  networks  and  output  amplifiers 
were  arranged  on  eight  small  cards  per- 
pendicular to  the  main  cards.  The  eight 
cards  were  so  arranged  that  the  CCD  Input 
gate  was  at  the  top  of  the  CCD  card  di- 
rectly below  Its  respective  S/H  gate.  The 
bottom  of  the  CCD  card  was  then  adjacent 
to  Its  peripheral  circuitry.  The  S/H  timing 
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and  drive  signals  from  the  lower  board  were 
transferred  across  the  CCD  board  on  micro- 
strip. The  advantage  of  modular  CCD  boards 
Is  that  since  all  adjustments  for  matching 
of  the  eight  CCD's  are  on  these  boards,  the 
CCD's  can  be  matched  prior  to  Installation 
In  the  system  and  replacements  of  CCD's  can 
be  accomplished  without  modification  to  the 
larger  boards. 

Because  the  module  Is  closed,  the  ther- 
mal load  becomes  significant.  The  most 
heat-sensitive  component  Is  the  CCD,  since 
at  higher  temperatures  thermal  well  filling 
Is  Increased,  limiting  the  slow  read  out 
frequency.  Most  of  the  heat  Is  generated 
in  the  timing  and  CCD  peripheral  circuitry. 
Because  of  the  close  proximity  of  these 
circuits,  special  precautions  had  to  be 
taken.  Heat  slnxs  are  mounted  on  the  side 
of  the  module  closest  to  the  heat  generating 
boards.  Air  at  a rate  of  approximately  50 
CFM  will  be  passed  over  these  fins.  Thin 
silicon  rubber  sheets  are  placed  between 
the  boards  and  the  module  walls  to  Increase 
conduction.  Heat  reflectors  are  used  be- 
tween the  timing  and  CCD  peripheral  board 
and  the  CCD's.  This  reflects  the  heat  back 
to  the  heat  generating  board  and  out  to  the 
heat  fins.  In  a less  hostile  environment, 
the  module  could  be  opened  allowing  for  con- 
vection or  air  flow  thru  the  module.  This 
would  eliminate  the  need  for  the  heat  sinks, 
silicon  rubber,  and  reflectors  described 
above. 


RESULTS  AND  CONCLUSIONS 

A system  breadboard  has  been  built  and 
operated.  Testing  has  Indicated  that  the 
CCD  will  not  operate  In  the  Intended  tran- 
sient radiation  environment.  A redesign  Is 
presently  being  done  on  the  CCD  to  Incorpor- 
ate radiation  hardness.  Calculation  on  the 
proposed  design  Indicate  that  the  new  de- 
vices will  be  able  to  withstand  50  rads 
gamma.  The  proposed  design  will  Include  a 
differential  channel  along  with  thinning 
techniques  and  selection  of  materials.  The 
differential  channel  will  help  compensate 
for  thermal  and  noise  effects  In  the  sys- 
tem as  well  as  well  filling  due  to  radiation. 
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Figure  1.  Sampling  of  Typical  Pulse  Data 
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Figure  2.  Conventional  Transient  Data 
Recorder 


Figure  3.  Typical  Parallel  Converter 
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